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ABSTRACT

Acid sulfate soils (ASS) are characterized by extreme acidity and high aluminum toxicity, which severely restrict
plant growth and nutrient availability. To address these challenges, this study evaluated the effectiveness of nano-
engineered zeolite (<100 nm) and calcium humate (Ca-humate) as hybrid soil amendments for chemical reme-
diation of ASS. The nano-zeolite was produced through high-energy ball milling of natural zeolite from Klaten,
Central Java, yielding 91.41% of particles smaller than 100 nm. Pot experiments were conducted using acid sulfate
soils collected from Segoro Anakan Lagoon, Central Java, Indonesia, following a Completely Randomized Design
with two amendment factors: nano-zeolite (6, 12, and 18 t ha™!; equivalent to 14, 28, and 42 g pot ') and Ca-humate
(6.88, 8.6, and 10.32 t ha™!; equivalent to 16, 20, and 24 g pot™!), with untreated pots as the control. Results showed
that Segoro Anakan ASS had an extremely acidic pH (3.21), high Al and Na saturation, and low N and P levels.
Application of nano-zeolite and Ca-humate significantly increased soil pH, cation exchange capacity (CEC), and
base cations (Ca?', Mg?*, K*, and Na*), while reducing exchangeable Al**, Fe*", SO4*", and pyrite content. The
combined application of 12 t ha™! nano-zeolite and 10.32 t ha™! Ca-humate effectively decreased AI**, Fe?', SO.*",
and pyrite concentration by 59.5%, 42.7%, 79.2%, and 50%, respectively. These improvements are attributed to
complementary mechanisms of ion exchange, complexation, and pH buffering. The hybrid use of nano-zeolite and
Ca-humate represents a promising amelioration strategy to mitigate Al and Fe toxicity and enhance macronutrient
availability in tropical acid sulfate soils.
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INTRODUCTION

Acid sulfate soils (ASS) are a major constraint
for agriculture and ecosystem health in many trop-
ical coastal regions because of their innate geo-
chemical instability. Upon drainage or exposure
to oxygen, sulfidic layers (pyrite-rich) oxidize,
producing sulfuric acid that sharply lowers soil
pH and mobilizes toxic metals such as Fe?*" and
AP*; the result is strongly reduced plant growth,
soil fertility loss, and pollution of adjacent waters
(Sulaeman et al., 2024; Johnston et al., 2016). In
Indonesia alone, coastal and inland ASSs consti-
tute a large land resource: recent surveys estimate

ASS coverage in Kalimantan at ~3.5 Mha and
national estimates on the order of several million
hectares, underscoring the scale of the problem
for food security and land use planning (Sulaeman
et al., 2024). The socio-economic importance of
these soils (rice paddies, tidal agriculture) makes
scalable, effective reclamation technologies an ur-
gent priority (Sulaeman et al., 2024; Sarangi et al.,
2022; Shamshuddin et al., 2014).

Conventional amelioration measures, prin-
cipally liming (CaCOs/Ca(OH).) or gypsum
(CaS04-2H:0) additions, and water-table con-
trol, remain effective for neutralizing acidity
but have important limitations: they typically

335


https://orcid.org/0000-0001-5336-9133
https://orcid.org/0000-0001-9009-2209
https://orcid.org/0000-0002-4459-183X

Journal of Ecological Engineering 2026, 27(4), 335-351

require very large application rates, act tran-
siently under fluctuating redox regimes, and do
not fully prevent remobilization of Fe and Al
during drying-rewetting cycles (Shamshuddin
et al., 2014). These constraints motivate the de-
velopment of alternative or synergistic reagents
that combine pH buffering with persistent sorp-
tion/complexation of problem cations and im-
proved nutrient management.

Natural zeolites, particularly modernite, have
long been recognized for high cation exchange
capacity (CEC), porous frameworks, and ability
to adsorb ammonium and certain metals; these
properties make zeolites attractive as soil condi-
tioners and carriers for controlled-release fertil-
izers (Mondal et al., 2021; Legese et al., 2024;
Jarosz et al., 2022; Cataldo et al., 2021). More
recently, nanostructuring and surface modifica-
tion of zeolites (nano-engineered zeolites and ze-
olite-based nanocomposites) have been shown to
increase specific surface area, surface reactivity,
and adsorption kinetics, thereby improving their
efficacy for pollutant immobilization and nutrient
retention (Senild and Cadar, 2024; Kordala and
Wyszkowski, 2024; Sharma et al., 2022).

Humic substances, especially calcium humate
(Ca-humate), offer synergistic mechanisms. Ca-
humate can act as a local pH buffer, chelate Fe
and Al (reducing free ionic toxicity), increase
phosphorus availability through complexation
and ligand exchange, and stimulate beneficial mi-
crobial activity that supports soil recovery (Antu
et al., 2025; Kordala and Wyszkowski, 2024; Li
et al., 2019; Hricikova et al., 2023). Field and
controlled experiments have repeatedly reported
that humic amendments improve soil nutrient sta-
tus, enzymatic activity, and microbial community
composition over multi-year applications (Li et
al., 2019), though responses vary with soil type
and initial chemistry.

The concept of a hybrid ameliorant, com-
bining nano-engineered zeolite with Ca-humate,
aims to harness synergistic effects: rapid ion
capture and high-capacity exchange by the nano-
zeolite, together with the chelating, buffering,
and biologically active functions of the humate
fraction. In ASS contexts, such a hybrid could si-
multaneously (a) immobilize released Fe/Al un-
der oxidized conditions, (b) provide a controlled
source of Ca to neutralize acidity while limiting
rapid leaching, and (c) sustain microbial pro-
cesses and nutrient cycling that favor long-term
recovery (Senild and Cadar, 2024; Jarosz et al.,
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2022; Li et al., 2019). Nano-engineering further
opens the possibility of tuning particle size and
surface chemistry to control sorption/desorption
rates (Khan et al., 2021; Sharma et al., 2022).

Despite the clear theoretical promise, experi-
mental assessments of nano-zeolite + Ca-humate
hybrids in acid sulfate soils are scarce. Most lit-
erature treats zeolites and humic materials sepa-
rately; few studies quantify combined effects on
key ASS chemical indicators (pH, EC, SO,*,
dissolved Fe, Al**, Ca?", K*, and CEC) (Sulae-
man et al., 2024; Johnston and Burton, 2016).
Therefore, this study aims to determine the ef-
fect of the combination of nano-zeolite with Ca-
humate to improve the chemical quality of acid
sulfate soil from Segoro Anakan and propose the
performance mechanism of both ameliorants in
adsorbing or complexing cations/anions to ex-
plain the observed improvement in soil chemical
quality attributes.

MATERIALS AND METHODS

Geological and geographical conditions

Segoro Anakan Lagoon is located in the
southwestern coastal zone of Central Java, with-
in the administrative region of Cilacap Regency
(Ardli and Wolff, 2009). Geographically, the la-
goon is bordered by the Indian Ocean to the south
and the mainland of Java to the north. The site
shown in Figure 1 represents the eastern part of
the lagoonal complex, characterized by extensive
mangrove and tidal flat systems that are season-
ally inundated. This geomorphological configu-
ration forms a dynamic estuarine ecosystem in-
fluenced by tidal exchanges and sediment influx
from several rivers, including the Citanduy and
Cimeneng (Hilmi et al., 2021).

Geologically, Segoro Anakan was formed
through a combination of tectonic subsidence and
Holocene sediment accumulation within the Ci-
tanduy—Kroya depression zone (Sari et al., 2016;
Rosalina, 2016; Christanto, 2009). The area lies
within the southern coastal sedimentary basin
of Java, which developed during the Plio—Pleis-
tocene as a result of the interaction between the
Java subduction zone and alluvial depositional
processes. Continuous sedimentation from up-
stream catchments, particularly from the Citan-
duy River, contributes to rapid lagoon infilling
and shoreline changes (Cahyo et al., 2024).
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Over the past decades, extensive land-use
changes in the upper watershed have increased
soil erosion and sediment delivery to the lagoon.
Consequently, fine-grained sediments and organ-
ic-rich deposits accumulate in the lowland man-
grove zones, forming potential acid sulfate soils
when pyrite-bearing materials are exposed to oxi-
dation (Ardli and Yani, 2020; Ardli et al., 2022).
The interaction between geological structure,
sedimentary dynamics, and hydrological regimes
thus plays a crucial role in shaping the soil chemi-
cal properties and the occurrence of acid sulfate
conditions in Segoro Anakan.

Soil sampling and chemical
quality characterization

The acid sulfate soil samples were collected
from the Segoro Anakan region, Cilacap, Central
Java, Indonesia, at coordinates approximately
7°42°41.20” S and 108°52°41.37” E (Figure 1).
Soil samples for the experiment were taken from
the topsoil layer (0—30 cm depth). The samples
were air-dried until they reached a moisture
content suitable for gentle crushing and sieving
through a <2 mm mesh. Subsequently, the soil
chemical attributes were analyzed.

The soil’s chemical characteristics were
analyzed using standard soil analytical pro-
cedures. Soil pH was determined using three
types of extractants: distilled water (H20), 1 N
potassium chloride (KCl), and concentrated hy-
drogen peroxide (H20:) with a soil-to-solution
ratio of 1:2.5, and the pH was measured using

a calibrated pH meter. Electrical conductivity
(EC) was measured in a 1:5 soil-to-water sus-
pension using an EC meter (Eviati et al., 2023).
Total soil organic carbon (C-organic) was deter-
mined using the loss-on-ignition (LOI) method.
The samples were oven-dried at 105 °C to re-
move moisture and weighed (W105), then com-
busted in a muffle furnace at 550 °C for 4 hours
to obtain the ash weight (W550). The soil organ-
ic matter (SOM) content was calculated as SOM
(%) = [(W105 — W550)/W105] x 100%, and
organic carbon content was derived using the
conversion factor C-organic (%) = SOM x 0.58
(Martinez et al., 2018). The total nitrogen (N-
total) content was determined using the Kjeldahl
method, which quantifies ammonium released
after digestion of organic nitrogen compounds
(Eviati et al., 2023).

Exchangeable base cations (Ca?", Mg?*, K*,
and Na') and cation exchange capacity (CEC)
were analyzed using 1 N unbuffered NH4ClI ex-
tractant (modified from Eviati et al., 2023). Avail-
able phosphorus (P-available) was extracted with
the Bray-1 solution, reacted with ammonium mo-
lybdate and ascorbic acid to form a blue complex,
and measured spectrophotometrically at A = 494
nm (Eviati et al., 2023). Available iron (Fe-avail-
able) was extracted with diethylenetriaminepen-
taacetic acid (DTPA) and quantified using atomic
absorption spectrophotometry (AAS). Available
sulfate (SO+>") was extracted using Ca(H2PO4)2
solution and measured spectrophotometrically
at A = 494 nm after addition of BaCl>—Tween re-
agent (Eviati et al., 2023).
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Figure 1. Acid sulfate soil samples collected from a site at Segoro Anakan Area
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Exchangeable acidity, comprising exchange-
able A’ and H*, was determined from a 1 N KCl
extract by titration with NaOH (titration I). After
precipitation of Al as Al(OH)s, NaF was added,
and the solution was back-titrated with HCI (ti-
tration II). The AI** content was calculated from
the second titration, while the difference between
the two titrations represented exchangeable H*
(Pansu and Gautheyrou, 2006).

Pyrite (FeS:) content was analyzed using 1
N KCI and 30% H:02 while heating at 80-90
°C, followed by titration with NaOH (Sabang et
al., 2005). The degree of Al saturation (Al _sat),
exchangeable sodium percentage (ESP), and
sodium adsorption ratio (SAR) were calculated
using the following formulas: Al sat (%) = (Ex-
changeable Al / CEC) x 100%, ESP (%) = (Ex-
changeable Na / CEC) % 100%, and SAR = [Na*]
/ N((Ca?" + Mg?")/2).

The zeolite used in this study was sourced
from Klaten, Central Java, Indonesia, similar to
the material used by Kumalasari et al. (2022). The
preparation of nano-zeolite followed the high-en-
ergy ball milling method described by Subrama-
nian et al. (2015). Zeolite powder (<100 mesh)
was ground using steel balls in a planetary ball
mill for six hours, producing nanoparticles with
a size distribution of which 91.41% were below
100 nm. This mechanical treatment effectively re-
duces particle size and enhances the surface area
and reactivity of the zeolite, thereby increasing
its effectiveness in soil amendment applications
(Subramanian et al., 2015).

The morphological characterization of the
nano-zeolite particles was conducted using a scan-
ning electron microscope (SEM) at various mag-
nifications (Igathinathane et al., 2008). Before im-
aging, samples were mounted on a double-sided
aluminum stub and coated with a 48 nm conduc-
tive layer to minimize charging effects during ob-
servation. SEM analysis was performed under an
accelerating voltage of 22 kV. The resulting micro-
graphs were processed using Imagel software to
determine particle size distribution and morphol-
ogy. Furthermore, the elemental content of the na-
no-zeolite particles was analyzed using EDS.

The Ca-humate fertilizer used in this study
was obtained commercially and contained 67%
Ca0, 6% humic acid, and 1% micronutrients.
Ca-humate serves as a soil conditioner that can
improve cation exchange capacity, enhance nutri-
ent availability, and stabilize soil pH, particularly
when combined with zeolite (Deng et al., 2021).
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A pot experiment was conducted using a fac-
torial completely randomized design (CRD) with
two treatment factors: (i) nano-zeolite applied
at three rates (6, 12, and 18 t ha™'; equivalent to
14, 28, and 42 g pot™'), and (ii) Ca-humate ap-
plied at three rates (6.88, 8.60, and 10.32 t ha'!;
equivalent to 16, 20, and 24 g pot™). In total, 30
experimental units (pots) were prepared, consist-
ing of the 3 x 3 factorial combinations with three
replications, along with three control pots. Each
pot contained 10 kg of soil and was incubated for
10 days following amendment application to al-
low equilibrium reactions between the soil matrix
and the added materials. After incubation, soil
samples were collected from each pot to evaluate
changes in soil chemical properties relative to the
initial conditions.

Data from nanoparticle characterization were
analyzed using SEM micrographs and quantified
via Image] software to determine particle size
and elemental composition. Statistical analy-
ses were performed using analysis of variance
(ANOVA) at a 5% significance level to evalu-
ate the effects of nano-zeolite and Ca-humate
treatments. When significant differences were
detected, Duncan’s multiple range test (DMRT)
was employed for mean separation. All statisti-
cal analyses were carried out using SAS version
9.1.3, while Pearson’s correlation analyses were
performed with SPSS version 20.

RESULTS AND DISCUSSION

Soil chemical quality of acid sulfate soil

Based on Table 1, it can be found that the
higher pH-H20 compared to pH-KCI in Segoro
Anakan acid sulfate soils results from cation ex-
change reactions and hydrolysis of exchangeable
Al, which releases additional H* ions in the KCI
medium. The small but negative ApH (-0.10) indi-
cates a predominance of weakly negative variable
charges typical of Fe- and Al-rich tropical soils.
Together with the high AI** and Fe** concentra-
tions, these reactions explain the strong acidity
and buffering behavior of the soil. Therefore, the
relationship pH-H20 > pH-KCI serves as a di-
agnostic indicator of exchangeable acidity and
proton-generating reactions associated with py-
rite oxidation and the abundance of Fe/Al oxides
in the acid sulfate soils of Segoro Anakan. The
pH-H:0: value of 2.23 confirms the oxidation of
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Table 1. Soil chemical quality of acid sulfate soil
from Segoro Anakan, Central Java

Soil physico-ghemical Value Grade
properties

pH-H,0 3.21 Extremely acid
pH-KCI 3.1
pH-H,0, 2.23
EC (dS.m™) 14.63 Very high
C-org (%) 13.14 Very high
N-Total (%) 0.519 Low
CI/N 25.32 High
CEC (cmol.kg™) 21.66 Medium
Available Ca (cmol.kg™") 2.94 Low
Available Mg (cmol.kg™) 0.63 Low
Available K (cmol.kg™) 0.984 High
Available Na (cmol.kg™") 2.88 Very high
Available P (mg.kg™) 3.1 Very low
Fe (mg.kg™) 230.66 Very high
80, (mg.kg™") 169.26 High
Al-exch. (cmol.kg™") 9.19 Very high
H-exch. (cmol.kg™) 4.18 Very high
Pyrite (%) 0.32 Medium
Al Saturation (%) 42.46 High

pyrite (FeS2) into sulfuric acid (H2SOa), a charac-
teristic process of active acid sulfate soils.
Exposure of pyritic materials in acid sulfate
soils (ASS) to aerobic conditions strongly en-
hances sulfide oxidation and drives severe soil
acidification under tropical environments. Fitz-
patrick et al. (2017) demonstrated that artificial
drainage, tidal-controlled shifts in the water
table, and repeated drying-rewetting cycles ac-
celerate pyrite oxidation, producing substantial
amounts of acidity that markedly lower soil pH
and increase the solubility and mobility of Fe and
Al. These processes create highly acidic condi-
tions characteristic of disturbed ASS landscapes.
Complementing these mechanistic insights,
Sulaeman et al. (2024) reported that coastal ASS
in Kalimantan often exhibit extremely low pH
values, frequently below 3.5, due to advanced
pyrite weathering and the consequent formation
of secondary Fe-sulfate minerals such as jarosite
[KFes(SO4)2(OH)s]. The precipitation of jarosite
not only reflects intense oxidation of sulfidic
materials but also contributes to sustained acid-
ity and continued Fe mobilization within the soil
profile. Similar hydrological dynamics occur in
the Segoro Anakan mangrove-estuarine system

of Cilacap, where periodic tidal inundation, ar-
tificial drainage for land conversion, and fluctu-
ating redox regimes similarly promote the oxi-
dation of pyritic sediments, leading to extreme
acidity and the development of characteristic
acid sulfate soil features.

The very high EC reflects excessive accumu-
lation of soluble salts, primarily Na* and SO+*,
commonly found in coastal acid sulfate soils peri-
odically inundated by seawater (Fitzpatrick et al.,
2008). Evaporation of brackish water and limited
leaching further concentrate these ions, leading to
secondary salinization. The concurrent high Na
concentration (2.88 cmol kg™') indicates incipient
sodicity and strong marine influence.

The very high organic carbon content derives
from the accumulation of anaerobically decom-
posed mangrove and wetland sediments, where-
as the relatively low total N and high C/N ratio
(25.32) indicate slow nitrogen mineralization due
to oxygen deficiency and microbial inhibition
(Reddy et al., 2023; Sanchez, 2019).

A medium CEC value suggests that both clay
minerals and organic colloids contribute to charge
balance. However, in strongly acidic environ-
ments, surface coatings or precipitates of Fe and
Al (oxy)hydroxides may mask or neutralize nega-
tive surface charges on soil colloids and reduce
measurable CEC, thus abundant organic matter
does not always correspond to high CEC (Yin et
al., 2023; Sipos et al., 2021)

Exchangeable Ca (2.94 cmol kg!) and Mg
(0.63 cmol kg ') are low due to intense acidifica-
tion and leaching processes typical of acid-sul-
fate soils. Pyrite oxidation generates protons that
enhance downward loss of Ca*" and Mg**, while
elevated AI** and H* competitively displace these
base cations from exchange sites. This mecha-
nism is well documented in incubation studies
on acid-sulfate soils (Azman et al., 2023) and
aligns with broader regional assessments show-
ing severe base-cation depletion under strong-
ly acidic tropical conditions (Sulaeman et al.,
2024). Potassium (0.984 cmol kg™) is relatively
high, possibly derived from mineral weathering
or seawater intrusion, whereas Na (2.88 cmol
kg™) is very high, confirming saline water influ-
ence. High Na/Ca ratios may lead to aggregate
dispersion, reduced permeability, and poor soil
structure (Fitzpatrick et al., 2008).

Available P is very low, primarily due to
strong fixation by amorphous Fe and Al oxides in
acid sulfate soil environments, where phosphate
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is readily bound through sorption and the forma-
tion of Fe- and Al-phosphate precipitates (Dh-
anya and Gladis, 2017). Phosphorus availability
declines sharply under highly acidic conditions
because elevated Fe*" and AI** activities promote
both intensive sorption and precipitation reac-
tions (Dhanya and Gladis, 2017). The very high
Fe (230.66 mg kg') and SO+* (169.26 mg kg™")
concentrations observed in the soil further indi-
cate intense pyrite oxidation. Fitzpatrick et al.
(2008) demonstrated that such oxidation enhanc-
es Fe** and SO4* accumulation in soil solution,
driving jarosite crystallization and amplifying
acid generation.

The extremely high Al-exch (9.19 cmol kg™)
and H-exch (4.18 cmol kg ') values indicate strong
exchangeable acidity due to AI** hydrolysis. This
condition enhances Al toxicity, inhibits root elon-
gation, and limits Ca and Mg uptake (Sanchez,
2019). The pyrite content of 0.32% categorizes
this soil as a potential acid sulfate soil (PASS).
According to Fitzpatrick et al. (2008), soils con-
taining 0.3—1.0% pyrite can generate substantial
acidity when exposed to air. The high Al satu-
ration indicates dominance of acidic cations on
exchange sites, leading to nutrient imbalance and
base cation deficiency. Reddy et al. (2023) em-
phasize that Al saturation above 40% severely
limits plant growth and nutrient availability.

Nano-zeolite characterization

Natural zeolite taken from the Klaten region,
Central Java is categorized as a mordenite type
because it has the following characteristics: XRD
peaks around 20 ~ 9.6°, 13.5°,22.2°, 26.7°, which
are identical to the JCPDS 29-1257 reference pat-
tern; CEC: 140-160 cmol(+) kg™'; BET surface
area: 80—110 m? g''; with SEM it appears to have
a fibrous tissue-like morphology and a Si/Al ratio
of £5 (Astuti, et al. 2019; Adila, et al. 2024).

Table 2 shows that after high-energy ball
milling, the zeolite particles were successfully re-
duced to nanoscale dimensions, with 35.61% of
particles ranging from 1-10 nm, 24.09% between
1020 nm, and 31.71% between 20-100 nm.
Only a small fraction (6.19%) exceeded 100 nm,
while particles larger than 1000 nm accounted for
merely 0.02%. The mean particle size of the na-
no-zeolite was 39.78 nm, indicating a successful
nanoscale transformation since more than 90% of
the particles were below 100 nm. According to
Khan et al. (2017), materials can be categorized
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as nanostructured when at least 70% of the total
particles have dimensions between 1 and 100 nm.

The reduction in particle size can be attrib-
uted to repetitive collisions between the zeolite
grains and the steel balls during the 6-hour mill-
ing process. Thirunavukkarasu and Subramanian
(2014) reported that increasing milling duration
enhances the fragmentation of mineral particles,
producing smaller crystallites and expanding the
surface area. The ball milling (up to 6 h) signifi-
cantly decreases particle size and increases the
Brunauer—Emmett—Teller (BET) surface area of
zeolites, improving their reactivity and ion-ex-
change potential. The reduction in particle size
enhances the external surface and generates more
active sites, which is crucial for catalytic and ad-
sorption applications (Kuznetsov et al., 2025)

The energy dispersive spectroscopy (EDS)
results presented in Table 3 and Figure 2 reveal
that the nano-zeolite primarily consists of oxy-
gen (56.82%) and silicon (30.71%), with alumi-
num accounting for 6.89%. Minor elements such
as sodium (1.08%), potassium (1.08%), calcium
(2.79%), and magnesium (0.62%) are also pres-
ent. The dominance of Si and Al is characteristic
of aluminosilicate frameworks typical of natural
mordenite-type zeolites.

Similar elemental compositions were re-
ported by Estiaty (2015), who found that natural
zeolites from Indonesia contained Si (72.3%) and
Al (10.68%) as major constituents. In a compre-
hensive review of global natural zeolite deposits,
Inglezakis and Zorpas (2012) reported that SiO-
commonly ranges from approximately 60% to
over 80% depending on mineralogical type and
degree of alteration, confirming that Si and Al
form the tetrahedral framework of natural zeolites.
The presence of exchangeable cations such as Na*,

Table 2. Distribution and percentage of nano-zeolite
particle size

Diameter (nm) Zeolt
Amount %
1-10 1669 35.61
10-20 1129 24.09
20-100 1486 31.71
100-250 290 6.19
250-1000 112 240
>1000 1 0.02
Mean = 39.78 nm

Note: Kumalasari et al., 2021.
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Table 3. Elements composition and percentage in
nano-zeolite

No Elements (%)
1 @) 56.82
2 Na 1.08
3 Mg 0.62
4 Al 6.89
5 Si 30.71
6 K 1.08
7 Ca 2.79
8 C -

9 N -

10 P -
1 S -

Note: Kumalasari et al., 2022.

K", Ca?*, and Mg?*" serves to balance the negative
framework charge generated by Al substitution
within the silica lattice, thereby influencing ion-
exchange capacity and overall chemical reactivity
(Dyer, 2005; Inglezakis and Zorpas, 2012).

The elemental mapping image (Figure 3)
shows that silicon is uniformly distributed across
the nano-zeolite surface, indicating that the alumi-
nosilicate framework remains structurally intact
after ball milling. This pattern is consistent with
nanosized zeolite prepared via controlled mecha-
nochemical treatment, where high-energy colli-
sions generate surface defect sites without causing
significant disruption of the Si-O—Al backbone
(Nassrullah et al., 2022). Such defect formation
is known to increase the number of active surface
sites and enhance adsorption reactivity.

Moreover, the homogeneous dispersion of
Si also reflects the structural integrity typical of
mordenite-type zeolites with stable tetrahedral
linkages. The absence of elemental segregation
suggests that the milling process successfully re-
duced particle size while maintaining phase uni-
formity, a feature commonly observed in mechan-
ically activated ZSM-5 and zeolite-Y systems.
Recent work by Lima et al. (2024) demonstrated
that ball milling can decrease the crystal domain
size and increase the external surface area with-
out inducing framework collapse, supporting the
interpretation that the nano-zeolite in this study
retained its structural coherence after milling.

Alterations in soil acidity, salinity, and
reactivity after nano-zeolite-Ca-humate
application

Alterations in soil chemical quality after ap-
plication of hybrid ameliorants are presented in
Table 4. The table reveals the mean soil pH-H-O in-
creased significantly (P = 0.0024) from 3.13 in the
control to 3.46, 3.53, and 3.61 with the application
of 14, 28, and 42 g pot™' nano-zeolite, respectively.
Meanwhile, Ca-humate application raised pH-H-O
from 3.21 (16 g pot™) to 3.54 (24 g pot™), showing
a significant positive effect (P < 0.05). In contrast,
pH-KCI and pH-H-0: were not significantly affect-
ed by nano-zeolite but were improved considerably
by Ca-humate (P < 0.05). No significant interac-
tion (ZxH) occurred, indicating that both materi-
als worked independently rather than complemen-
tarily. The pH enhancement by nano-zeolite can
be attributed to its high cation exchange capacity
and the ability of its aluminosilicate framework to

zeolit
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Figure 2. The results of EDS analysis showing the proportion of element content in nano-zeolite
(Kumalasari et al., 2021)
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Figure 3. The elemental mapping image demonstrates elements distributed uniformly across
the nano-zeolite surface (Kumalasari et al., 2021)

adsorb exchangeable AI** and H* ions, which are
responsible for soil acidity (Mondal et al., 2021).
Ca-humate further neutralized acidity through the
provision of Ca?" ions and the complexation of AI**
by carboxyl and phenolic groups of humic sub-
stances (Maftu’ah et al., 2024).

Nano-zeolite increased EC from 1.26 to 1.39
dS m™!, while Ca-humate raised EC from 1.23 to
1.47 dS m™, both showing significant main ef-
fects (P < 0.05). The moderate EC rise reflects
enhanced ionic activity driven by the release of
exchangeable Ca*, Mg?!, and K" as nano-zeolite
accelerates cation-exchange equilibria, particu-
larly through rapid desorption of surface-bound
cations. Ca-humate further contributes by mobi-
lizing base cations via complexation and micro-
aggregate dispersion, increasing the concentra-
tion of solvated ions without reaching levels
indicative of salinity stress. Consistent with this
pattern, Mondal et al. (2021) reported that zeolitic
amendments typically raise EC due to intensified
ion-exchange dynamics and the expansion of the
readily exchangeable cation pool.

Nano-zeolite alone did not significantly af-
fect soil organic carbon (C-Org), which averaged
2.06-2.18%, whereas Ca-humate increased C-
Org significantly (P =0.001), ranging from 2.07%
at 16 gpot™ to 2.65% at 24 g pot™'. CEC followed
a similar trend: nano-zeolite produced a slight but
non-significant increase (from 28.18 to 31.45
cmol(+) kg™), while Ca-humate significantly
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enhanced CEC (from 30.12 to 36.42 cmol(+)
kg™). The improved CEC reflects the contribu-
tion of humic colloids bearing negative functional
groups that bind cations reversibly, thus expand-
ing exchange capacity and nutrient retention.
Whitton et al. (2023) found comparable improve-
ments in CEC following humate addition, attrib-
uting this to enhanced organo-mineral complex-
ation and stabilization of soil organic matter.

Exchangeable Al showed a highly significant
decline with nano-zeolite application (P = 0.009),
dropping from 17.29 cmol(+) kg™ in the control
to 11.6 cmol(+) kg™ at 42 g pot'. Ca-humate had
a comparable effect, decreasing AI** from 16.8
to 10.5 cmol(+) kg™' and reducing Al saturation
from 61.32% to 44.27%. The exchangeable H*
was not significantly affected by either treatment.
These results indicate effective amelioration of
Al toxicity by both materials, mainly through ion
exchange and complexation processes. Nano-ze-
olite exchanges Al** with Ca?" and Na* in its lat-
tice, while Ca-humate complexes AI** through its
carboxyl sites, preventing hydrolysis and acid re-
generation. Zeolite reduced Al** activity primar-
ily through surface adsorption and subsequent
surface-precipitation reactions that favour for-
mation/encapsulation into Al-hydroxide phases,
thereby lowering soluble Al and exchangeable Al
pools in acidic soils (Belviso, 2020).

Pyrite content responded very strongly to
both amendments (P < 0.001), with a clear ZxH
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interaction (P <0.001). The average pyrite content
decreased from 0.26% in the control to 0.18% at
28 g pot! and 0.15% at 42 g pot™' nano-zeolite.
Similarly, increasing the Ca-humate dose from 16
to 24 g pot ! reduced pyrite from 0.22% to 0.14%.
This substantial decline suggests oxidative trans-
formation of FeS. into less reactive Fe(Ill) com-
pounds such as goethite and ferrihydrite. Hu-
mic substances may have accelerated microbial
oxidation by serving as electron shuttles, while
zeolite improved soil aeration and redox buffer-
ing. Whitton et al. (2023) observed comparable
processes where humate additions modified mi-
crobial-mineral interactions and enhanced Fe—S
transformations in anaerobic soils.

Overall, the chemical improvement of acid
sulfate soil can be attributed to complementary
mechanisms: (i) nano-zeolite increased soil pH
and reduced AI** through cation exchange and ad-
sorption, (ii) Ca-humate improved organic matter
content, CEC, and Al complexation, and (iii) both
materials jointly promoted Fe—S oxidation that
lowered pyrite content. These processes collec-
tively contribute to the rehabilitation of acid sul-
fate soils by lowering exchangeable acidity and
toxic Al levels while improving nutrient retention
and buffering capacity.

Integrating nano-zeolite and Ca-humate ap-
pears to be an effective strategy for ameliorating
acid sulfate soils. The independent yet comple-
mentary effects improve soil acidity status, CEC,
and reduce Al toxicity and Fe—S mineral instability.

Although no strong interaction effect was observed
for most parameters, both materials contributed
significantly to chemical restoration when applied
together. This approach supports sustainable soil
management in coastal lowlands where acid sul-
fate soils constrain agricultural productivity.

Alterations in soil nutrient composition after
nano-zeolite-Ca-humate application

Alterations in soil chemical quality concern-
ing the nutrient composition after application of
nano-zeolite-Ca-humate are presented in Table 5.
The factorial experiment revealed that the appli-
cation of nano-zeolite (Z) had a significant impact
on several soil chemical parameters, whereas Ca-
humate (H) alone had limited effects within the
applied dosage range. The interaction between Z
and H was significant only for Ca availability, in-
dicating a synergistic effect of these amendments
on soil cation dynamics. These results suggest
that the observed responses are primarily driven
by the physicochemical characteristics of nano-
zeolite and its interaction with the humic-based
organic component.

Nano-zeolite significantly increased total
nitrogen (N-tot) and reduced the C/N ratio, re-
flecting improved nitrogen retention and avail-
ability. This aligns with findings by Latifah et
al. (2017) and Omar et al. (2020), who demon-
strated that clinoptilolite-zeolite-amended urea
reduces NHas" and NOs™ leaching, increases soil

Table 4. Soil acidity, salinity, and reactivity after a hybrid ameliorant application

Treatment| pH-H,0 | pH-KCI | pH-H,0, | EC (ds/m) | C-Org (%) (Cnfgﬁ(g) ((/;'];i’ljﬁg) (Sn}iT/iZ) Al Sa(f,zr)aﬁ"” % Pyrite
ZH, 3.13b 3.09b 2.82b 9.40d 1513a | 28.18b | 17.29a | 3.63a 28.18b 0.26a
Z,H, 3.41a 318ab | 2.90a | 9.77cd | 14.79ab | 35.71a | 11.60ab | 3.16a 35.71a 0.15d
Z,H, 3.41a 325a | 2.89ab | 10.87abc | 14.62ab | 33.23ab | 9.94b 2.76a 33.23ab | 0.18c
Z,H, 3.59a 3.45ab | 2.89ab | 10.17bcd | 14.05bc | 37.36a | 7.63b 3.53a 37.36a 0.16d
ZH, 3.45a 324a | 2.88ab |10.37abcd | 14.15bc | 36.71a | 9.01b 2.69a 36.71a 0.27a
Z,H, 3.44a 320ab | 2.88ab | 11.60a | 13.92bc | 36.92a | 11.61ab | 2.58a 36.92a 0.19¢
Z,H,, 3.48a 3.26a 290a | 11.50a | 13.93bc | 31.10ab | 10.10b | 2.30a 31.10ab | 0.10f
ZH,. 3.47a 3.14ab | 2.89ab | 10.87abc | 13.69c | 32.97ab | 11.02b | 1.46a 32.97ab | 0.10f
ZH, 3.52a 3.22a 292a | 11.30ab | 13.98bc | 33.53ab | 10.25b | 1.67a 33.53ab | 0.23b
ZH,, 3.61a 3.24a 2942 | 11.20ab | 13.64c | 33.64ab | 7.00b 2.26a 3364ab | 0.13e
Sig.P, .

Z | 0.002449* | 047573 | 0.57027 |0.030213* | 0.254379 | 0.25438 | 0.00946** | 0.5346 | 0.25438 1'1129*9?'
H 0.0134749 | 0.02952* | 0.01307* [0.002066**|0.001015*|0.00101** | 0.87878 | 0.1334 | 0.00101** | 0.6396
Z*H | 0.833626 | 0.15177 | 0.65871 | 0.709897 | 0.595772 | 0.59577 | 0.66262 | 0.9278 | 0.59577 2'1213’,?'
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Table 5. Soil nutrient alteration after a hybrid ameliorant application

eaiment [t | on | e [ ot [ Comel [ Nes [ Ml [ Femay [ Some
ZH, 0.61b 24.97a 3.60a 0.67c 4.91d 1.16a 2.58¢ 29.09a 155.39a
Z,H, 0.72ab 20.32ab 6.57a 1.53bc 7.88bc 3.18a 2.90bc 19.70b 73.22ab
Z,Hy, 0.61b 23.90a 7.32a 1.00bc 8.15abc 3.29a 3.06abc 20.49ab 101.89ab
Z,H,, 0.65ab 21.4ab 4.83a 1.28bc 10.05a 3.31a 3.15ab 17.83b 97.48ab
Z,H,o 0.60b 24.13a 7.65a 1.75ab 9.79ab 3.63a 3.23ab 18.22b 91.88ab
Z,H,, 0.61b 22.87ab 6.01a 1.22bc 7.83bc 3.40a 3.00abc 21.83ab 77.84ab
Z,H,, 0.76a 18.23b 6.29a 1.39bc 8.63abc 3.25a 3.15ab 18.20b 74.47ab
Z,H, 0.62b 22.59ab 6.17a 1.25bc 7.49¢ 3.32a 3.05abc 13.02b 77.78ab
Z,H,, 0.62b 22.82ab 5.07a 1.45bc 9.39abc 3.57a 3.52a 15.40b 107.26ab
Z,H,, 0.72ab 18.72b 6.91a 2.40a 7.33¢c 3.33a 3.00abc 16.68b 32.28b
Sig.Py s
4 0.0326* 0.0132 * 0.18767 | 0.01516* | 0.0005543*** | 2.07e-10 *** | 0.0386* 0.0118* 0.107
H 0.9556 0.9167 0.82682 0.15394 0.3775291 0.311 0.5275 0.1293 0.747
Z*H 0.0985. 0.2552 0.46359 0.06477 0.0119316* 0.322 0.1844 0.8494 0.611

Note: “*” significant; “ns” non-significant; Z H, = No treatment (control);

Z,,= 14 g nano-zeolite/pot = 6 ton nano-zeolite/ha,

Z,,= 28 g nano-zeolite/pot = 12 ton nano-zeolite/ha ~ Z

=42 g nano-zeolite/pot = 18 ton nano-zeolite/ha

H,, = 16 g Ca-humate/pot = 6.88 ton Ca-humate/ha; H20 =20 g Ca-humate/pot = 8.6 ton Ca-humate/ha;

H,, = 24 g Ca-humate/pot =~ 10.32 ton Ca-humate/ha.

total N and exchangeable NH4", and ultimately
improves nitrogen use efficiency and crop yield
through strong ammonium adsorption and grad-
ual N release from zeolitic surfaces. Zeolitic sur-
faces with high cation-exchange capacity (CEC)
immobilize NHa4" ions, reducing volatilization
and leaching while promoting gradual nitrogen
release (Latifah et al., 2017; Omar et al., 2020),
which is consistent with the higher total N and
lower C/N ratio observed in zeolite-treated soils
compared to the control.

Although phosphorus availability (P-avail)
tended to increase in most zeolite treatments, the
effect was statistically insignificant (p > 0.05).
The lack of significance may be attributed to
strong Fe—P fixation in these acid soils, where
Fe-oxides dominate P binding (Aainaa et al.,
2018). Clinoptilolite-based zeolite can act as a
slow-release P reservoir, but its effectiveness is
strongly controlled by soil pH and the abundance
of reactive Fe and Al oxyhydroxides (Hasbullah
etal., 2020). Ca-humate may form stable Fe—hu-
mate complexes that slightly improve P mobil-
ity, but its short-term effect appears limited in
this experiment.

Potassium (K-avail), calcium (Ca-avail),
magnesium (Mg-avail), and sodium (Na-avail)
were significantly affected by nano-zeolite,
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indicating its dual role as a source and regula-
tor of exchangeable bases. Clinoptilolite-type
zeolites typically host Na*, K, Ca?* and Mg**
as framework charge-balancing exchangeable
cations, which can be gradually released to and
exchanged with the soil solution (Kordala and
Wyszkowski, 2024; Javaid et al., 2024; Mondal
et al., 2021). The significant increase in Ca-avail
and the ZxH interaction suggest a synergistic
enhancement, likely due to Ca release from Ca-
humate and its stabilization within the zeolite
matrix. Similar mineral-organic combinations,
where zeolite is combined with mineral fertil-
izers or organic amendments, have been shown
to increase nutrient retention, slow the release of
cationic nutrients, and improve soil chemical fer-
tility, including cation exchange-related proper-
ties (Legese et al., 2024; Doni et al., 2024; Wang
et al., 2025), which is consistent with the trends
observed in this study.

Interestingly, Fe-availability decreased sig-
nificantly with nano-zeolite treatment, which is
beneficial for acid sulfate soil remediation. The
reduction of Fe*/Fe’" activity likely results from
pH buffering, Ca-induced precipitation of Fe-hy-
droxides, and Fe—humate complexation. Studies
on acid sulfate soils have shown that Ca-based
amendments such as calcium silicate combined
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with ground magnesium limestone (GML) ef-
fectively increase soil pH and reduce exchange-
able acidity and toxic metal activity, thereby
improving soil chemical conditions (Azman et
al., 2023). Similarly, Si-humate formulations
containing humic substances, rice husk biochar,
and agricultural lime have been demonstrated to
enhance soil pH and mitigate the solubility of Fe
and sulfate, while alleviating Fe toxicity to rice
(Maftu’ah et al., 2024). Although SO+* avail-
ability decreased in some treatments, the effect
was not statistically significant, suggesting that
sulfate dynamics require longer-term monitoring
to detect stable changes.

Overall, the experimental outcomes empha-
size that nano-zeolite acts as the dominant factor
in improving soil nutrient status and mitigating
Fe toxicity in acid sulfate soils. Ca-humate com-
plements these effects through complexation and
stabilization mechanisms but requires prolonged
incubation or repeated application to manifest sta-
tistically significant impacts. The combined ZxH
treatment, particularly at higher dosages, shows
promise for sustainable amelioration of tropical
acid sulfate soils.

These findings are consistent with contem-
porary literature highlighting zeolite’s multifunc-
tional role as a high-CEC cation exchanger, pH
buffer, and nutrient reservoir (Javaid et al., 2024),
and the capacity of humic substances to promote
organic complexation, nutrient retention, and soil
microbial activation (Maffia et al., 2025; Santi et
al., 2024). Continued investigation under field-
scale and long-term conditions, particularly for
zeolite—humic combinations, is recommended to
validate these complementary effects and to as-
sess potential shifts in sodium accumulation and
sulfate reduction (Li et al., 2025).

Pearson’s correlation of the soil chemical
quality attributes

Pearson’s correlation matrix (Figure 4) pro-
vides an integrated overview of the relationships
among soil chemical variables affected by the
factorial combination of nano-zeolite (1442 g
pot!' = 6-18 t ha™') and Ca-humate (16-24 g pot™
~6.88-10.32 tha™") in acid sulfate soils of Segoro
Anakan, Central Java. Several significant correla-
tions reveal coherent geochemical processes in-
fluenced by the amendments.

A strong positive correlation was found among
EC, Na-available, and SO4+*", indicating that the

ionic conductivity of the soil solution is mainly
governed by Na' and sulfate accumulation. This
pattern reflects the oxidation of pyrite (FeS: —
Fe*" + SO4* + H") and saline intrusion character-
istics of coastal acid sulfate soils (Bautista et al.,
2023). In contrast, Ca-available, K-available, Mg-
available, and N-total showed moderate to strong
positive correlations, suggesting that zeolite and
Ca-humate application improved base saturation
and nutrient retention through ion exchange and
CEC enhancement (Mondal et al., 2021; Cataldo
etal., 2021).

Fe-available correlated positively with
SO+* and pyrite but negatively with Ca-avail-
able and soil pH, indicating reduced Fe solubil-
ity under higher Ca and pH conditions due to
Fe(OH)s precipitation and Fe—humate complex-
ation. Similar mechanisms have been reported
in acid sulfate soils where Ca-based amend-
ments increase pH and exchangeable Ca while
decreasing soluble Fe through precipitation and
stabilization with organic functional groups
(Maftu’ah et al., 2024; Maharani et al., 2025).
Likewise, Al-exchangeable and Al-saturation
declined as soil pH increased, highlighting the
acid-driven mobilization of Al and its mitiga-
tion through Ca exchange and organo-metal
complexation under amended conditions (Gil-
lespie et al., 2021; Lato et al., 2025).

Organic carbon (Corg) and CEC correlated
moderately with nutrient retention variables (N,
Ca, K, Mg), confirming the contribution of hu-
mic materials to soil buffering capacity. How-
ever, correlations with salinity-related variables
(Na, SO+*") were weak, suggesting that organic
inputs alone cannot fully mitigate ionic stress
without the mineral component provided by
zeolite. The weak or non-significant correlations
of P-available with other parameters reflect the
complexity of P fixation by Fe/Al oxides under
acid sulfate conditions.

In summary, the correlation structure high-
lights two dominant clusters: (1) the salinity—sul-
fate group (EC-Na—SO4) driven by pyrite oxi-
dation and salt accumulation, and (2) the fertil-
ity—buffering group (Ca—K-Mg—N-pH-CEC)
enhanced by the complementary action of nano-
zeolite and Ca-humate. The negative associations
of Fe and Al with Ca and pH confirm the amelio-
rative potential of these amendments in reducing
soil acidity and Fe/Al toxicity. These results agree
with recent international findings (Bautista et al.,
2023; Mondal et al., 2021).
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Figure 4. Pearson’s correlation describing the relationship among the soil chemical quality attributes
of acid sulfate soil ameliorated by nano-zeolite and Ca-humate

Proposed reaction mechanism of
nano-zeolite and Ca-humat in altering the
chemical quality of acid sulfate soil

Based on the preceding description, both
exchangeable Al and Al saturation exhibited a
highly significant decrease following the applica-
tion of nano-zeolite and Ca-humate, whereas ex-
changeable H* was not significantly influenced by
either treatment. These findings suggest that both
materials effectively ameliorate Al toxicity, pri-
marily through ion exchange and complexation
mechanisms. Nano-zeolite facilitates the replace-
ment of AI** by Ca** and Na* within its crystal-
line framework, while Ca-humate forms stable
complexes with Fe*/AI** through carboxyl func-
tional groups, thereby inhibiting hydrolysis and
preventing acid regeneration. Similarly, Belviso
(2020) reported that zeolite mitigates Al** activity
via surface adsorption and the precipitation of Al-
hydroxide polymers.

A notable reduction in Fe availability was
observed following the application of nano-
zeolite combined with Ca-humate, indicating a
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promising strategy for improving acid sulfate
soil conditions. The lowered activity of Fe*!/
Fe** is largely driven by the enhanced soil pH
buffering provided by nano-zeolite and the abil-
ity of humic components to strongly bind Fe
ions, leading to the formation of stable Fe—hu-
mate complexes. This behavior aligns with the
conceptual framework presented by Palansoori-
ya et al. (2020), which highlights that reactive
mineral surfaces together with organic functional
groups can effectively reduce metal mobility via
hydroxide formation and organo-metallic com-
plexation. Furthermore, according to Bautista et
al. (2023), the association of humic substances
with dissolved Fe is a key factor in restricting Fe
solubility in acid sulfate environments, reinforc-
ing the complementary role of nano-zeolite and
Ca-humate in mitigating Fe transport.

Building on this, our correlation analysis fur-
ther confirms the geochemical processes underly-
ing Fe mobilization in acid sulfate soils. Fe avail-
ability showed a positive correlation with SO4+*~
and pyrite contents, but a negative correlation
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with soil pH and available Ca, indicating that el-
evated pH and Ca activity suppress Fe solubility
via Fe(OH)s precipitation and organic complex
stabilization. Similar interactions between humic
substances, divalent cations, and Fe have been
observed in acid sulfate environments, where dis-
solved Fe mobility is effectively reduced through
complexation and sorption mechanisms (Shaha-
bi-Ghahfarokhi et al., 2022). Furthermore, Saran-
gi et al. (2022) highlighted that organic complex-
mediated stabilization of Fe limits acidification
feedbacks driven by Fe oxidation, which aligns
with the mitigation effects observed under nano-
zeolite and C-humate treatments in this study.
Based on the results and discussion above, a
proposed mechanism for adsorption or cation ex-
change that occurs on the surface of nanozeolites
and humic compounds can be formulated as il-
lustrated in Figure 5. The proposed mechanisms
illustrated in Figure 5 accurately describe the in-
terfacial reactions occurring between nano-zeo-
lite, Ca-humate, and dissolved ions in acid sulfate
soils. On the nano-zeolite surface, the dominant
process involves specific ion exchange at nega-
tively charged siloxane sites (=Si—O7), where
Ca?" and K" initially bound to the zeolite frame-
work are released into the soil solution and selec-
tively replaced by high-charge metal cations such
as Fe*" and AI**. This mechanism, represented by
Reaction (1), results in the strong immobilization
of these toxic metal ions via inner-sphere com-
plexation, providing a thermodynamically stable
retention mechanism. Simultaneously, the role
of Ca-humate is well supported by Reaction (2),
which operates through a dual complexation and
ion-replacement mechanism: Ca?" coordinated to

Z—Eslu\
E| o ok + APt —
ol |
LEAI/
OIS
| ° oca + Fe3*
I
E_ESi/

carboxyl groups forms cation-bridging complex-
es with sulfate (SO+*"), thereby lowering sulfate
activity, while Ca?*" loosely bound to phenolic
groups is preferentially replaced by Fe** follow-
ing HSAB principles, leading to the formation of
stable Fe-humate complexes and the release of
Ca?" back into the soil solution. Together, these
reactions provide a coherent explanation for the
observed reductions in Fe**, AI**, and SO+*" con-
centrations in the soil solution, highlighting the
complementary roles of nano-zeolite and Ca-hu-
mate in improving the chemical quality of acid
sulfate soils.

Consistent with these mechanisms, the sta-
tistical results of this study demonstrated sig-
nificant negative correlations between soil pH
and soluble Fe and Al, and a positive associa-
tion between available Ca and the reductions
in these metal species, confirming the critical
importance of pH-driven Fe/Al immobiliza-
tion and Ca-mediated stabilization pathways.
The decline in SO4> availability with increas-
ing humate binding capacity further supports
the involvement of cation bridging and organo-
mineral complexation processes.

This study provides the first integrated evi-
dence that coupling nano-zeolite with Ca-humate
simultaneously modifies cation and anion geo-
chemistry through coordinated ion exchange and
ligand complexation in acid sulfate soils. The
demonstrated dual-mechanism approach offers a
more effective remediation strategy than single-
amendment applications, advancing current un-
derstanding of interfacial geochemical controls
on Fe, Al, and SO+* dynamics in highly acidic
soil environments
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Figure 5. Proposed reaction mechanism of nano-zeolite and Ca-humat in altering the chemical quality
of acid sulfate soil from Segoro Anakan, Cilacap, Central Java
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CONCLUSIONS

The combined application of nano-zeolite (12
tha™) and Ca-humate (10.32 tha™') proved highly
effective in improving the chemical properties of
acid sulfate soils. This treatment reduced the sol-
ubility of AI**, Fe?*, SO+, and pyrite by 59.5%,
42.7%, 79.2%, and 50%, respectively, while si-
multaneously enhancing the availability of Ca*,
Mg, K*, and Na* by 33.4%, 14%, 72.2%, and
65.3%. These effects are primarily attributed to
ion exchange between AI**/Fe*" and base cations
(Ca?*, K¥, Na") within the nano-zeolite structure,
as well as complexation reactions between Ca-
humate and metal ions through carboxylic and
phenolic functional groups. The overall mecha-
nism results in reduced exchangeable acidity,
enhanced soil buffering capacity, and improved
macronutrient availability. The complementary
and partially synergistic interactions of nano-ze-
olite and Ca-humate thus represent a viable and
sustainable amelioration strategy for mitigating
Al and Fe toxicity in tropical acid sulfate soils,
particularly within coastal reclamation and agri-
cultural development programs.
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