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Abstract

Technosols are artificial soils produced from organic and inorganic solid waste to improve
soil fertility and functionality. This study evaluated the potential of Technosols produced
from household waste from the Altos de Guadalupe residential complex in Colombia to
fertilize green areas and promote the growth of Duranta erecta. A physical characterization
of waste from 46 houses was performed to estimate per capita production (PPC) and waste
composition. Technosols were produced in 20, 50, and 200 L bioreactors using recyclable
organic and inorganic waste arranged in 10 layers and composted for three months. A
field trial was established with two treatments, soil without Technosols (T1) and soil with
Technosols (T2), with three replicates and ten plants per plot (60 plants total). Soil fertility
parameters and plant growth variables were evaluated over 300 days. The PPC reached
0.56 kg-capita~!-day !, and 56.4% of the residues were suitable for Technosol production.
Technosol exhibited a pH of approximately 7.1, an organic matter content of 11.1%, and
phosphorus and potassium concentrations of 50.3 mg-kg ! and 2573 mg-kg !, respectively.
Technosol increased soil organic matter by 5.4 percentage points and improved nutrient
availability. After 300 days, plant height and root dry matter in T2 were 30% and 41%
higher, respectively, than in T1 (p < 0.05). These results show that the use of Technosols on
a residential scale can improve urban soil fertility and plant productivity, contributing to
the principles of the circular economy and Sustainable Development Goals 11 and 12.

Keywords: Technosols; urban solid waste; soil fertility; ornamental plants; urban agricul-
ture; circular economy

1. Introduction

Global population growth and accelerated urbanization have intensified anthro-
pogenic pressures on terrestrial ecosystems, resulting in a simultaneous increase in mu-
nicipal solid waste (MSW) generation and progressive degradation of urban soils [1,2].
Projections indicate that global waste generation will rise by approximately 70% by 2050,
reinforcing the urgency of transitioning from linear disposal models toward circular econ-
omy strategies that reintegrate waste-derived materials into productive systems [3,4]. In
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Latin America and the Caribbean, MSW streams are dominated by biodegradable organic
fractions, yet recovery and valorization rates remain limited due to infrastructural and
institutional constraints [5].

In Colombia, the National Policy for Integrated Solid Waste Management (CON-
PES 3874) promotes waste recovery and reduced landfill disposal [6]. Nevertheless, in
intermediate-sized municipalities, low recovery rates of usable organic and inorganic frac-
tions continue to contribute to landfill saturation and the loss of nutrients and organic
matter with potential for productive reuse [4]. At the same time, urban and peri-urban
soils frequently exhibit reduced ecological functionality due to anthropogenic sealing,
compaction, low soil organic carbon, and nutrient imbalances, limiting the establishment
of green infrastructure and ornamental vegetation and affecting key urban ecosystem
services [7-9].

Technosols have been considered a comprehensive biotechnological strategy capable
of simultaneously addressing soil degradation and waste management challenges. Ac-
cording to the World Reference Base for Soil Resources, Technosols are soils constructed
from technical materials or waste in which soil properties and processes are dominated by
anthropogenic inputs [10]. Originally conceptualized by Macias [11], Technosols are de-
signed using mixtures of non-hazardous organic and inorganic waste to restore specific soil
functions such as water retention, nutrient supply, and contaminant immobilization [12,13].
Their role within circular economic frameworks has been widely recognized, as they en-
able the transformation of waste streams into functional soils for restoration and urban
applications [14,15].

Most reported Technosol applications focus on the rehabilitation of soils degraded by
mining, industrial activities, or extreme edaphic conditions, where their capacity to improve
soil structure, organic matter content, nutrient availability, and plant establishment has been
well documented [16-21]. More recently, Technosols formulated with stabilized organic
waste have demonstrated carbon sequestration potential and agronomic versatility in urban
agriculture and green infrastructure systems, achieving yields comparable to conventional
soils without increasing the transfer of potentially toxic elements to plants [22,23].

Despite these advances, decentralized in situ “waste-to-soil” strategies implemented at
the residential scale remain poorly documented. Such approaches could reduce transport-
related emissions, enhance local nutrient cycling, and increase the resilience of urban
green spaces, particularly in intermediate cities where fertile substrates are scarce and
waste valorization infrastructure is limited [3,14]. In Colombia, residential green areas are
often established on low-fertility soils, while household-derived MSW with valorization
potential remains underutilized, representing an opportunity for integrated waste and soil
management [5,24].

In the municipality of Sabanalarga (Atldntico, Colombia), the Altos de Guadalupe
residential complex generates MSW daily, of which a substantial fraction of non-hazardous
organic and inorganic materials remains unused. Concurrently, residential green areas
develop on soils with low organic matter content and chemical limitations. Valorizing
household-derived MSW through the formulation of Technosols offers a pathway to inte-
grate local waste management with soil restoration and green infrastructure enhancement,
contributing to urban sustainability objectives [6]. The ornamental shrub Duranta erecta,
widely used in tropical and subtropical urban landscaping due to its hardiness and rapid
growth, provides a suitable model species to evaluate the agronomic performance of
alternative soil substrates under real residential conditions [25].

Within this framework, the present study addresses a relevant knowledge gap by eval-
uating an in situ, residential-scale Technosol formulation and application strategy based
exclusively on household-derived municipal solid waste. We hypothesized that: (i) house-
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hold waste-derived Technosols significantly improve soil chemical fertility compared with
unamended urban soil; (ii) these improvements enhance the growth and biomass accu-
mulation of Duranta erecta in residential green areas; and (iii) the Technosol functions as
an effective surface soil layer promoting soil-plant interactions without inducing adverse
chemical effects.

Accordingly, this study evaluated the potential of Technosols produced from munic-
ipal solid waste generated in the Altos de Guadalupe residential complex (Sabanalarga,
Atlantico) to restore soil fertility and enhance the agronomic performance of Duranta erecta
in urban green spaces. Organic and inorganic waste fractions were characterized to identify
usable materials, followed by Technosol formulation, chemical characterization, and field
application in residential gardens to assess their effects on soil properties and plant growth.
Beyond its local relevance, this work contributes to international research on Technosols
as nature-based solutions for urban soil restoration within circular economy frameworks,
addressing the limited evidence available on decentralized, residential-scale “waste-to-soil”
strategies. By evaluating an in situ production and application scheme based exclusively
on household-derived municipal solid waste, this study provides transferable insights
into how neighborhood-scale systems can enhance urban soil functions, support vegeta-
tion growth, and contribute to resource efficiency and climate mitigation goals in rapidly
urbanizing intermediate cities, in line with Sustainable Development Goals 11 and 12.

2. Materials and Methods
2.1. Study Area

The study was conducted at the Altos de Guadalupe residential complex in the
municipality of Sabanalarga, Atlantico, Colombia (10°37'48" N, 74°55'25"” W). The region
exhibits a Tropical Savanna climate (Aw), according to the Képpen—-Geiger classification [26],
with a mean annual temperature of 28.4 °C, annual precipitation of 1328 mm, and relative
humidity of 76%.

Within the complex, the experiment was established in common green areas that
showed visible signs of soil degradation, low vegetative cover, and poor soil structure
before the intervention. These areas were selected because they represent typical planting
conditions for ornamental species in intermediate Colombian cities and align with the study
objective of improving urban soil fertility through locally produced Technosols (Figure 1).
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Figure 1. Geographic location of the Altos de Guadalupe residential complex in Sabanalarga (Atlan-
tico, Colombia) and layout of the experimental area within the common green spaces.

The predominant natural soils in the study area are primarily young, poorly developed
tropical soils derived from unconsolidated alluvial and aeolian sediments, commonly clas-
sified as Entisols according to United States Department of Agriculture soil taxonomy [27].
These soils are typically characterized by coarse textures, low clay content, limited organic
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matter accumulation, and restricted cation exchange capacity, which limits nutrient reten-
tion and plant growth in urban landscapes. Similar characteristics have been reported in
urban and peri-urban areas of the Colombian Caribbean region, where soil degradation is
further intensified by construction activities, compaction, and topsoil removal.

2.2. Characterization of Municipal Solid Waste (MSW)

To determine the potential feedstock for Technosol production and to quantify the
recoverable fraction of municipal solid waste (MSW) generated within the complex, a
stratified random sampling of 30% of the occupied dwellings (1 = 46 of 156) was carried
out. Sampling and per capita (PPC) calculations were designed following the guidelines of
the Colombian Technical Regulation for the Water and Sanitation Sector [28].

Households were previously informed and instructed to separate their daily waste into
labeled bags. On the sampling day, all MSW generated in the selected dwellings during a
24 h period was collected and weighed. Per capita waste production (kg-inhabitant~!-day 1)
was calculated using the total mass of waste, the number of inhabitants per dwelling, and
the equations proposed by [28].

Physical characterization of the MSW was performed using the coning and quartering
method, following ASTM D5231-92 for unprocessed MSW [29]. A composite sample of
approximately 50 kg was formed, coned, flattened, and quartered successively until a
manageable representative subsample was obtained. The waste was manually sorted
into the organic fraction (food scraps, paper, cardboard, wood, and garden waste (leaves,
prunings), inorganic recyclable fractions (glass and construction and demolition waste).

The mass and percentage of each category were recorded to determine the com-
position of MSW and the proportion of material potentially suitable as feedstock for
Technosol construction.

2.3. Per Capita Waste Generation (PPC)

Per capita waste generation (PPC, kg-inhab~!-day—!) was estimated to quantify the
amount of municipal solid waste produced per person in the Altos de Guadalupe residential
complex. The calculation followed the procedure established in Title F of the Colombian
Technical Regulation for the Potable Water and Basic Sanitation Sector—RAS 2000, which
provides indicative PPC values for municipalities according to their level of complexity [28].

In this framework, the total PPC for the sampled residential sector was obtained as:

PPCtotul = VP X Nysers (1)

where VP is the average PPC value (kg-inhab~!-day—!) associated with the municipality’s
complexity level according to RAS 2000, and Nusers is the total number of inhabitants in
the sampled dwellings. This step allowed us to contextualize the waste generation level of
the complex within the municipal reference values.

Subsequently, the weekly waste production per dwelling in the residential sector was

estimated as:
Pweek = PPCtotal x 7 (2)

Expressed in kg-week !, providing a practical basis for planning local waste management
and for scaling the potential Technosol production from the residential MSW stream.

2.4. Technosol Formulation and Production

Technosols were produced using composting bioreactors to stabilize the organic frac-
tion and integrate selected mineral components, according to previous Technosol formula-
tions from waste materials [15,16]. Three bioreactor prototypes with working volumes of
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20 L, 50 L, and 200 L were used to represent scalable residential composting configurations,
from household units to small community-scale systems, and to evaluate the technical
feasibility and operational stability of the Technosol production process. The ten-layer
sequence alternated nitrogen-rich organic waste with structural carbon sources (paper,
cardboard, sawdust, dried leaves) and an inert mineral fraction (crushed glass and CCW).
The specific mass of each waste used in each layer and the size of the bioreactor are shown
in Table 1.

Table 1. Amount of residues used in each layer according to the bioreactor capacity.

. . . Cardboard Dry Leaves To.tal
Bioreactor Capacity (L)  Organic Waste (kg) Crushed Glass and CCW (kg) Sawdust (kg) Paper (kg) (kg) (kg) V\ﬁ(lg)ht
8
20 5.00 0.30 0.30 0.35 0.54 0.37 17.51
50 15.00 0.80 0.80 0.85 1.40 0.85 65.50
200 35.00 2.00 2.50 3.50 2.50 2.00 154.50
Layers 1,3,6and 8 2 4and 9 5 7 10

The workflow of the residential-scale Technosol production and application process is
shown in Figure 2.

Composting and
Stabilization

Source Separation Selection and
(Residential Scale) Pre-Treatment

(12 weeks)

Household MSW .
(organic and recyclable Selection of non- Composting and
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Qaper, cardboard, g&'asy \ inorganic fractions / \ organic precursor /

Field Application Technosol
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}

Soil fertility and plant Applicationasa5cm Layered TeCh.ﬂOSOl
performance assessment Surface layer Construction
Soil-Technosol layered Stabilized organic

\ Du?gsiz;icta / system (No mechanical fraction + recyclable

mixing) / inorganic materials /

Figure 2. Schematic overview of the residential-scale Technosol production, application, and evalua-
tion process.

The substrate was constructed by alternating ten layers of pre-selected waste materials
to promote an appropriate C/N ratio during the preparation stage and ensure structural
stability, following the stratified approach proposed by Asensio et al. [16] for Technosols
made from waste. Although the C/N ratio was not directly measured, the vertical profile
adopted for the preparation of the Technosols (Figure 3) reflects an intentional design aimed
at promoting adequate aeration and a functional balance between nitrogen- and carbon-
rich materials. The profile alternates nitrogen sources (organic waste) with carbon-rich
structural agents (sawdust, paper, cardboard, and dry leaves), along with an inert mineral
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fraction (crushed glass and construction waste) intended to improve drainage and texture.
Layer 1 corresponds to the base of the reactor.

Top
10. Dry Leaves - (C-Source / Mulch)
9. Sawdust .. | (Bulking Agent)
8. Organic Waste - (N-Source)
7. Cardboard (C-Source)
c
k]
6. Organic Waste (N-Source) ‘g
s=
] o
2
5. Paper (C-Source) O=
o i
4. Sawdust | | (Bulking Agent)
3. Organic Waste - (N-Source)
2. Crushed Glass (Inert / Drainage)
1. Organic Waste - (Inoculum Base)
Bottom

Figure 3. Stratigraphic arrangement of the Technosol production system. Each rectangle (1-10)
represents the order and composition of the waste layers to produce Technosol.

The glass waste was crushed and mechanically centrifuged to remove sharp edges,
producing a fraction of ground glass sand (<2 mm) safe for handling. The CCW was classi-
fied to include only unpainted and untreated concrete and masonry waste, excluding paint,
plaster, or industrial materials, to minimize the risk of heavy metal or sulfate contamination.
The proportions of CCW incorporated into the total mass of the Technosol formulations
were 1.7%, 1.2%, and 1.3% for the 20, 50, and 200 L bioreactors, respectively. The function
of the CCW was strictly structural, aimed at improving aeration and drainage rather than
chemically contributing to the soil matrix. The organic waste was chopped manually to
improve homogeneity and aeration, and the proportion of each component was adjusted
according to the volume of each bioreactor, with the aim of facilitating oxygen diffusion
and moisture retention throughout the composting phase, according to the established
Technosol formulation strategies [15,30].

The mixtures underwent a 90-day composting and maturation process under aerobic
conditions. Bioreactors were located in a covered, well-ventilated area, protected from
direct rainfall, and were periodically opened and manually turned to maintain oxygen
availability and favor microbial activity. Moisture was kept within the optimal range for
composting (approximately 50-60%) by occasional water addition, when necessary, as
recommended for biowaste-based substrates [15]. At the end of the maturation period, the
material was visually homogeneous, dark in color, and had a characteristic earthy odor,
indicative of biological stability.
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A composite sample of the mature Technosol from each bioreactor type was taken by
combining several subsamples. These composite samples were air-dried, sieved (<2 mm),
and sent to the Soil Laboratory of Universidad de Medellin for chemical characterization
using the same analytical procedures.

2.5. Experimental Design and Agronomic Management

A field experiment was established in one of the residential common green areas to
evaluate the agronomic performance of the Technosol as a soil amendment for Duranta
erecta, a widely used ornamental shrub in urban landscaping due to its rapid growth and
adaptability to different soil conditions. Blocks were defined along the longitudinal slope
of the planting strip to account for the potential spatial variability of soil conditions and
microenvironmental factors within the residential green area.

The experiment followed a Randomized Complete Block Design (RCBD) with two
treatments and three replicates (blocks). The treatments were T1 Control: Local soil without
amendments, and T2 Tecnosol: Local soil with a 5 cm surface layer of the produced Tecnosol,
applied uniformly to the surface before planting, following the procedure proposed by [16].
The selection of a 5 cm surface layer of Tecnosol was based on practical and functional
considerations aligned with the study objectives, as this thickness represents a realistic and
minimally invasive intervention for residential green areas. It allows for the application
of Tecnosol without soil excavation or mechanical mixing, while remaining sufficient to
influence the soil’s chemical properties and root development through biological activity
and downward nutrient transfer.

As Figure 2 shows, the Technosol was applied as a surface layer, forming a layered
soil-Technosol system without mechanical mixing. The local soil corresponds to a dis-
turbed urban soil typical of residential green areas in Sabanalarga, Atldntico (Colombia),
characterized prior to Technosol application by low organic matter content, limited nutri-
ent availability, and moderate compaction, conditions commonly reported for urban and
peri-urban soils in tropical intermediate cities [2,7].

The experimental area consisted of a 20 m-long planting strip within the green zone.
This strip was divided into two 10 m sections corresponding to the two treatments, and
each treatment section was further subdivided into three blocks (replicates). In each block
and treatment combination, 10 Duranta erecta plants were transplanted in a single row with
uniform spacing, resulting in a total of 60 plants (2 treatments x 3 blocks x 10 plants per
block) (Figure 4).

Before the Technosol application, the soil surface was cleaned of debris and lightly
loosened to improve contact between the Technosol and the underlying soil. The 5 cm
Technosol layer in T2 corresponded to approximately 124.8 kg of material applied on the
treated area, calculated from the bulk density of the mature Technosol. Planting holes were
opened through the Technosol layer to a depth of approximately 20 cm to accommodate
the root ball of the seedlings.

During planting, no intentional mixing between the Technosol layer and the native soil
was performed. Planting holes were opened vertically through the 5 cm Technosol layer into
the underlying soil to accommodate the root ball, preserving the stratified configuration of
the substrate. Any subsequent interaction between Technosol and the native soil occurred
progressively as a result of root growth, biological activity, and the downward movement
of water and dissolved compounds during the evaluation period.

Duranta erecta seedlings were purchased from a local nursery. The substrate that
came with the plants was not incorporated into the soil at planting time for any of the
treatments, to avoid altering the soil’s chemical properties and affecting plant performance
between treatments. All plants received the same agronomic management throughout
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the 300-day evaluation period. Irrigation was performed using the existing residential
watering schedule, supplemented when necessary, during dry spells to avoid water stress.
No additional fertilizers or pesticides were applied to isolate the effect of the Technosol
amendment on soil fertility and plant growth. Weeds were controlled manually as needed.

A. Experimental Field Layout (Plan View)

Treatment 1: Control (Native Soil) Treatment 2: Technosol (Amendment)

Rep 1

Rep 2 Rep 3

Om

10m 20m
Length of Experimental Strip (m)

B. Soil Profile and Planting Detail (Cross-Section)

Technosol Layer (5 cm)
20 cm Planting Depth

Native Soil Native Soil

T1: Control T2: Technosol Application

Figure 4. Experimental design layout and soil profile configuration. (A) Plan view of the 20 m planting
strip divided into two main sections for Control (T1) and Technosol (T2) treatments. (B) Cross-section
illustrating the edaphic profile. T1 consists of native soil, while T2 incorporates a 5 cm top layer of
Technosol (approx. 124.8 kg applied). Seedlings were transplanted to a depth of 20 cm, ensuring root
contact with the underlying soil in both treatments. The green dots represent the plants.

2.6. Soil Sampling and Analysis

Soil samples were collected from the topsoil (0-20 cm) at two moments: (i) before
Technosol application and planting (baseline), and (ii) at the end of the experiment (300 days
after transplanting, DAT). In each treatment x block combination, five subsamples were
taken along the planting row using an auger and combined into one composite sample.
Composite samples were air-dried, gently disaggregated, passed through a 2 mm sieve,
and stored for laboratory analyses. Soil physicochemical properties were determined at
the Soil Laboratory of Universidad de Medellin following standard procedures for tropical
soils (Table 2).

Table 2. Summary of soil variables, analytical methods, and references.

Variable Method/Extractant Measurement Technique References
Texture Bouyoucos hydrometer method Hydrometer reading [31]
pH 1:1 soil-water suspension Potentiometric (pH meter)
Organic matter (OM) NTC 5403—Walkley-Black wet oxidation Titrimetric [32]
Available phosphorus (P) Bray Il extractant Colorimetric determination [33]
Exchangeable cations (Ca, Mg, K, Na) 1 N NH4OAc extractant at pH 7.0 Atomic Absorption Spectrophotometry (AAS) [34]
Micronutrients (Zn, Cu, Mn, B) and S DTPA (diethylenetriaminepentaacetic acid) extraction Atomic Absorption Spectrophotometry (AAS) [35]

Fertility levels were interpreted according to reference ranges for tropical soils [24].
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2.7. Plant Growth and Biomass

Plant response was evaluated by measuring plant height (cm) at 0, 90, and 300 days
after transplanting (DAT). Height was measured from the soil surface to the apical meristem
of the main stem using a measuring tape.

At 300 DAT, three representative plants per treatment and block (nine plants per
treatment) were uprooted to quantify root biomass. Roots were thoroughly washed with
tap water to remove adhering soil and then rinsed with distilled water. Root samples were
placed in paper bags and dried in a forced-air oven at 65 °C for 48 h, or until constant
weight was achieved, to determine dry matter content [36]. Dry mass was recorded using
an analytical balance.

2.8. Statistical Analysis

Data on mean plant height and shoot dry biomass were analyzed using a General
Linear Model (GLM) under a Randomized Complete Block Design (RCBD), considering
the Treatment as a fixed effect and the Block as a random effect to account for spatial
variability across the experimental area. When treatment effects were significant, mean
comparisons were performed using Tukey’s Honestly Significant Difference (HSD) test
with a p-value < 0.05. Although only two treatments were evaluated, the use of Tukey’s
test ensured methodological consistency between variables and is statistically equivalent
to a pairwise comparison under these conditions. All analyses were performed using
SAS versién 9.2.

3. Results
3.1. Improvements in Soil Fertility and Chemical Properties

The characterization of municipal solid waste (MSW) in the Altos de Guadalupe
residential complex resulted in a per capita production (PPC) of 0.56 kg-inhab~!-day !,
consistent with intermediate cities in Latin America. Of this, 56.4% corresponded to
fractions suitable for Technosol formulation, including food residues, paper, cardboard,
garden waste, glass, and civil construction residues (Figure 5).

The organic fraction of municipal solid waste used as a precursor material for Tech-
nosol construction underwent marked visual changes during the 12-week composting and
stabilization process, as illustrated in Figure 5. In the initial phase, the material consisted
of recognizable household residues (leaves, peels, and food scraps) with a heterogeneous
texture and light brown color. After 4 and 6 weeks, the mixture became progressively
darker and more homogeneous, with partial loss of the original structure of the residues.
By weeks 8 and 12, the material exhibited a granular structure, a dark brown color, and an
earthy odor, with very few visible fragments of the original waste, indicating an advanced
degree of organic matter transformation and biological stabilization. This stabilized organic
component provided a suitable and safe substrate for subsequent incorporation into the
Technosol matrix, and Figure 6 shows the visual evolution of the organic waste fraction
from the initial mixture to the stabilized material obtained after 12 weeks of composting.

Application of Technosol as a 5 cm surface layer generated clear contrasts between
treatments after 300 days. Table 3 summarizes the physicochemical properties of the
original soil, unamended soil (T1), Technosol-treated soil (T2), and the Technosol material.
The local soil (Table 3), representative of degraded urban soils in residential complexes,
was very sandy and poor in organic matter. It contained only 5.3% clay, 0.8% OM, and had
a CEC of 3.71 cmol(+)/kg, with low available P (6.3 mg/kg) and K (0.08 mg/kg) (Table 3).
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Figure 5. Physical composition of municipal solid waste generated in the residential complex,
showing the predominance of organic fractions.

Figure 6. Visual evolution of organic and inorganic waste during the 12-week composting and
stabilization process prior to Technosol construction. (A) initial mixture (week 0) and after (B) 4, (C) 6,
(D) 8, and (E) 12 weeks.

Table 3. Physical and chemical properties of the local soil, soils with and without Technosol after 300
days, and the Technosol material.

Material/Treatment Clay pH oM CEC P K Ca Mg Zn Cu Mn S
(%) (1:2.5) (%) (cmol(+)/kg) (mg/kg) (mg/kg) (cmol(+)/kg) (cmol(+)/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Local soil (before experiment) 5.3 6.4 0.8 3.71 6.3 0.08 1.82 0.23 43 6.09 0.1 0.4 26.8
Soil without Technosol after 300 days (T1) 8.0 7.5 0.9 6.3 15.2 74 4.6 0.6 43 0.3 0.1 04 27.1
Soil with Technosol after 300 days (T2) 16.0 7.1 6.3 19.5 50.3 268 15.0 27 149 0.3 0.1 12 46.6
Technosol (composted material) 16.0 71 111 29.4 50.3 2573 17.8 39 144 0.3 0.1 3.1 46.6

After 300 days without amendment (T1), the soil showed only slight improvements,
with clay content increasing to 8%, OM to 0.9% and CEC to 6.30 cmol(+)/kg, and still
relatively low P and K (15.2 and 74 mg/kg, respectively). These values confirm the limited
natural fertility of the substrate under conventional management.

In contrast, the soil Technosol layered system (T2) exhibited markedly higher values
for all fertility indicators. Clay content doubled relative to T1, reaching 16%, OM increased
to 6.3%, and CEC rose to 19.50 cmol(+)/kg. Available P increased more than threefold com-
pared with T1 (from 15.2 to 50.3 mg/kg), while K concentrations rose from 74 to 268 mg/kg.
Exchangeable Ca and Mg also increased substantially, from 4.6 to 15.0 cmol(+)/kg and
from 0.6 to 2.7 cmol(+)/ kg, respectively. These changes reflect a clear improvement in the
soil’s capacity to retain nutrients and buffer changes in soil solution chemistry.
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3.2. Agronomic Response of Duranta erecta

The improvements in soil properties translated into clear agronomic benefits for
Duranta erecta. Table 4 presents the mean plant height and shoot dry biomass per treatment
and block, while Table 5 shows the results of Tukey’s multiple comparison test. At the
beginning of the experiment (0 days after transplanting DAT) and at 90 DAT, no statistically
significant differences in plant height were observed between T1 and T2, reflecting the
initial similarity in planting conditions and the time required for roots to explore the
amended soil. However, by 300 DAT, plants grown in soil with a surface Technosol layer
(T2) were significantly taller than those in the unamended control (T1), as confirmed by
the Tukey groupings in Table 5. This temporal pattern indicates that the benefits of the
Technosol become more evident as the root system develops and exploits the improved
soil environment.

Table 4. Mean height (cm), shoot fresh biomass and shoot dry biomass (g plant~!) per treatment
and replicate.

Treatment Replicate Height at 0 Days (cm) Height at 90 Days (cm)  Height at 300 Days (cm) Shoot Fresh Biomass (g) Shoot Dry Biomass (g)
T1 1 11.0 35.0 60.0 30.0 10.0
T1 2 9.0 29.0 54.0 31.0 21.0
T1 3 11.6 36.0 62.5 29.0 11.0
T2 1 11.0 40.0 85.0 50.0 40.0
T2 2 10.0 36.0 82.0 52.0 35.0
T2 3 105 37.0 83.5 50.0 42.0

Table 5. Tukey’s multiple mean comparison test for plant height and shoot dry biomass.

Variable T1 (Mean) T2 (Mean)
Height at 0 days (cm) 10.53 a 10.50 a
Height at 90 days (cm) 33.33a 37.67 a
Height at 300 days (cm) 58.83 a 83.50b
Shoot dry biomass (g) 14.00 a 39.00b

Note. Different letters indicate statistically significant differences between treatments within each variable
according to Tukey’s test (p < 0.05).

Beyond growth and biomass, plant health indicators also pointed to the beneficial role
of the Technosol. Figure 7A,B illustrates the contrasting visual development of Duranta
erecta in T1 and T2. Plants in T1 exhibited sparser foliage, smaller leaves, and more frequent
chlorosis and necrotic spots, consistent with nutrient limitations and possible abiotic stress
in the poor, unamended soil. In contrast, plants in T2 showed denser canopies, more intense
green coloration, and fewer visible disease symptoms.

Figure 7. (A) Development of the green Duranta erecta plant in soil without Tecnosol (T1). (B) Devel-
opment of the green Duranta erecta plant in soil with Tecnosol (T2).
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4. Discussion
4.1. Improvements in Soil Fertility and Chemical Properties

The characterization of municipal solid waste (Figure 5) shows value falls within
the lower range reported for small and medium-sized municipalities in Latin America
(0.6-0.9 kg-inhab~!-day '), and is clearly below the average for high-income countries,
where per capita generation is substantially higher [1,5,37]. From a circular economic
perspective, this indicates that even residential complexes with moderate PPC can generate
meaningful volumes of potentially recoverable material.

It is also important to recognize that reported waste collection percentages (WCPs)
are influenced by how waste is collected and recorded. Comparative analyses of urban
systems show that formal and informal collection systems often coexist, particularly in low-
and middle-income settings, and that the informal sector may serve a large proportion
of households without being reported in official MSW data [38,39]. In Suame Township
(Ghana), for example, 61.5% of households rely on informal waste pickers, 35% on formal
services, and 3.5% resort to indiscriminate dumping, with formal operators being the most
efficient in terms of collection capacity and time management [39]. In contrast, the Altos
de Guadalupe residential complex operates as a relatively closed system with a defined
collection coverage, which improves the reliability of the PRE estimate and makes it a
solid benchmark for designing decentralized waste-to-soil conversion strategies at the
neighborhood scale.

The physical composition of the MSW showed a predominance of the organic
fraction—food waste, paper and cardboard, and garden residues, along with recyclable in-
organic materials such as glass and CCW (Figure 5). This pattern is consistent with regional
assessments that identify organics as the dominant fraction of MSW in Latin America and
the Caribbean [5,6]. Similar compositions have been reported in Colombian cities, where
organic waste typically represents 50-65% of household MSW [4]. From the perspective of
Technosol construction, this is advantageous because it guarantees a continuous supply of
biodegradable material suitable for composting and soil formulation [14,15].

The fact that more than half of the waste generated can be diverted towards Technosol
production illustrates the potential of decentralized “waste-to-soil” schemes at the neigh-
borhood scale. This aligns with broader circular economy approaches that seek to transform
MSW into value-added products rather than treating it as a disposal problem [3,15]. Similar
diversion potentials have been reported in European and Brazilian experiences where
biowaste and recyclables are selectively collected and used as inputs for Technosols and
compost-based substrates [13,18,22].

From a quantitative standpoint, the diversion potential in Altos de Guadalupe is
non-trivial. With a per capita MSW generation of 0.56 kg-inhab~!-day ! and 56.4% of this
stream technically suitable for Technosol formulation, full implementation of the scheme
would divert about 0.32 kg-inhab~!-day~! (~115 kg-inhab~!-yr~!) from conventional
collection and landfilling. For a residential complex of this size, this corresponds to roughly
50-60 t of material per year that can be transformed into Technosol instead of being
landfilled. Using conservative emission reduction factors for landfill-to-compost diversion
of organic waste, on the order of 0.4-0.7 t CO,-eq avoided per ton of organic waste not
landfilled [40,41], this would translate into approximately 2040 t CO;-eq of potential
greenhouse gas emissions avoided annually. Although these values are indicative and do
not account for the emissions associated with Technosol production itself, they highlight
that decentralized “waste-to-soil” initiatives at the residential-complex scale can generate
measurable climate co-benefits in addition to improving soil fertility.

These results directly support the first objective of the study, to identify and quantify
the fraction of residential MSW suitable for Technosol production and confirm that the
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Altos de Guadalupe complex generates a sufficiently rich and stable feedstock for the
construction of waste-derived soils.

The visual evolution of Technosols (Figure 6) is consistent with the typical trajectory
of composting processes, in which organic residues transition from a fresh, labile state to
a biologically stabilized and humified organic component [13]. Constructed Technosols
reported in the literature rely on such stabilized organic fractions, commonly derived from
composts, biosolids, or green waste, as key precursor materials for Technosol construction,
contributing to the development of soil-like matrices with adequate structure, nutrient
supply, and biological functionality [8,14,15].

4.2. Agronomic Response of Duranta erecta

In this study, the Technosol was applied as a constructed surface layer placed above the
native soil, forming a layered soil-Technosol system rather than a conventionally amended
soil. The Technosol itself was previously constructed using stabilized organic and inorganic
waste materials, and its interaction with the underlying soil occurred progressively through
root growth, biological activity, and the downward movement of water and dissolved
compounds. Consequently, the effects discussed below reflect the functional behavior of
this layered system, in which the Technosol acts as a biologically active surface horizon
influencing soil chemical properties and plant performance without direct mechanical
mixing with the native soil.

Since the soil samples were collected from the 0-20 cm layer and the Tecnosol was
applied as a 5 cm surface layer, it represented approximately 25% of the sampled soil profile
in terms of thickness. This proportion may have influenced the chemical properties of the
composite samples due to the interaction between Tecnosol and the underlying native soil,
as previously documented [16,36].

The slight increases observed in the chemical properties of the unamended control
soil (T1) after 300 days can be attributed to the presence of dissolved ions in the irrigation
water, atmospheric deposition of fine particles and dust, and the redistribution of nutrients
within the soil profile driven by root activity and biological processes. Furthermore, the
gradual mineralization of the small amount of native organic matter present in the soil
may have contributed to a limited release of nutrients over time. These processes are
well documented in urban and peri-urban soils and typically result in moderate nutrient
enrichment in the absence of direct fertilization [2,7,42,43].

The increase in the fine particle size observed in soils associated with the Technosol
treatment is primarily attributed to the stabilization and redistribution of native mineral
fractions rather than to anthropogenic particles. Although crushed glass and CCW were
incorporated into the Technosol, their contribution was low (approximately 1.2-1.7% of
the total Technosol mass) and predominantly coarse-textured and structural in nature.
Consequently, these materials did not dominate the fine soil fractions. Instead, the observed
increase in apparent fine particles reflects enhanced aggregation processes driven by organic
matter inputs and biological activity. Similar mechanisms have been widely reported in
Technosols and organically amended urban soils [7,16].

These results are consistent with previous studies demonstrating that Technosols con-
structed from organic and mineral wastes can substantially improve soil physicochemical
properties in degraded environments. Significant increases in OM, CEC, and base cations
have been reported following the application of Technosols to mine spoils and urban
substrates [17,20,21,23]. In urban contexts, constructed Technosols based on composts and
excavation materials have achieved OM and CEC levels comparable to fertile agricultural
soils, leading to improved water-holding capacity and nutrient supply [8,22].
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The Technosol material itself exhibited very high OM content (11.1%) and a CEC of
29.40 cmol(+)/kg, together with neutral pH (7.1) and high concentrations of P (50.3 mg/kg)
and K (2573 mg/kg). In contrast, the unamended control soil (T1) showed a clear alkalin-
ization trend, shifting from pH 6.4 to 7.5 over the 300-day period, likely associated with
carbonate inputs from irrigation water and calcareous dust deposition typical of urban
environments [43]. The Technosol-amended soil (T2), however, maintained a near-neutral
pH, suggesting a buffering effect provided by organic matter that helped stabilize soil
reaction and preserve micronutrient availability.

Micronutrients such as Zn and B, together with sulfur, increased in the Technosol-
amended soil (T2) compared to the local soil, while Cu and Mn remained largely unchanged.
The combined increases in organic matter, cation exchange capacity, macronutrient avail-
ability, and pH buffering capacity demonstrate that Technosols derived from household
waste are effective in restoring edaphic fertility in residential green areas.

Although the Technosol was applied as a relatively thin surface layer (5 cm), its
influence can extend beyond its physical thickness. In ornamental shrubs, the fine roots
responsible for nutrient and water absorption are preferentially distributed in the upper
soil layers, where organic matter and nutrient availability are higher. Furthermore, the
progressive downward movement of dissolved nutrients and organic compounds, along
with root growth and biological activity, promotes interaction between the Technosol layer
and the underlying soil over time. Similar effects have been reported for Technosols
and organic matter-rich surface layers applied to degraded soils, where relatively thin
amendments act as active fertility horizons that boost root development and plant yield
beyond their immediate thickness [16,36].

Shoot dry biomass followed a similar trend: while early differences between treatments
were minimal, by 300 DAT, plants in T2 accumulated substantially more shoot biomass
than those in T1 (Table 4). This pattern indicates that the higher nutrient availability and
the improved water retention observed in the soil with a surface Technosol layer (Table 3)
supported greater photosynthetic activity and carbon allocation to aboveground tissues.
Comparable responses have been reported in studies where substrates or Technosols
based on organic wastes were used for ornamental plants under tropical and subtropical
conditions, with significant gains in plant height, canopy development, and biomass
relative to conventional soils or commercial substrates [22,25]. Substrates formulated with
agro-industrial residues have consistently increased shoot dry mass and floral traits in
Zinnia elegans and other ornamentals [44,45], while agriwaste- and biochar-based media
in constructed wetlands have enhanced biomass and nutrient uptake of ornamental species
such as Canna indica and Lilium wallichianum [46]. Likewise, Technosols designed from
construction and excavation waste combined with compost and wood chips have supported
vigorous vegetative growth and flowering of multiple ornamental species without mineral
fertilization, confirming the agronomic robustness of waste-derived substrates [47].

Root biomass was quantitatively assessed and is reported in Table 4. Plants in T2
showed more extensive and better-branched root systems than those in T1, which is
consistent with the higher organic matter content, cation exchange capacity, and improved
structure of the amended soil. Organic matter, through its effects on aggregation, porosity,
and nutrient retention, is known to promote root proliferation and enhance nutrient and
water uptake [2,24]. Similar improvements in root architecture and biomass have been
documented in ornamental plants grown on agro-industrial waste-based substrates [44,45]
and in Technosols constructed from urban and construction wastes [22,47], where better
rooting has been directly associated with increased plant vigor, survival, and aesthetic
quality. Within this broader context, the shoot and root biomass values obtained for
Duranta erecta in the Technosol treatment fall within the range reported for ornamental
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species cultivated on high-quality waste-derived substrates, reinforcing the suitability of
residential Technosols as functional growing media for urban landscaping [44,46,47].

Figure 7 suggests that Technosol not only improved nutrient supply but may also have
contributed to a more favorable rhizosphere, as compost- and Technosol-based substrates
have frequently been associated with enhanced microbial activity and suppression of
certain soil-borne diseases [8,13,15].

The agronomic responses of Duranta erecta observed in this study are consistent with
the broader literature on Technosols and organic waste-based substrates and confirm that
the improvements in edaphic fertility documented in Table 3 are functionally meaningful for
plant performance. These findings address the third objective of the study by demonstrating
that Technosols derived from household MSW can sustain healthy ornamental vegetation
under real residential conditions.

4.3. Environmental and Circular Economic Implications of Residential Technosols

From a broader perspective of sustainability and urban planning, the results indicate
that residential complexes can function as decentralized micro-centers of the circular econ-
omy by converting their own municipal solid waste into Technosols capable of restoring
soil fertility and maintaining resilient urban vegetation. By closing nutrient and organic
matter cycles at the neighborhood scale, this approach reduces the volume of waste sent to
landfills and the greenhouse gas emissions associated with organic waste disposal, while
generating a valuable soil resource for local use [3,4].

Beyond waste diversion, the observed improvements in soil organic matter, cation
exchange capacity, and nutrient availability highlight the potential role of residential Tech-
nosols in urban soil conservation. Technosols rich in organic matter have been shown to
improve soil fertility, carbon sequestration, water retention, and structural stability, all
of which are relevant for maintaining the long-term functionality of urban green spaces
established on degraded or compacted substrates [2,8,23]. In this context, the stratified
soil-Technosol system evaluated here represents a favorable alternative compared to con-
ventional soil replacement or intensive amendment practices, offering a minimally invasive
strategy for improving soil quality while preserving the underlying soil profile.

From a landscape design perspective, the use of Technosols produced from household
waste provides a locally available and low-cost substrate for residential green infrastructure.
Previous studies have shown that Technosols and compost-based substrates derived from
urban byproducts can promote vegetation establishment in parks, gardens, green roofs,
and other urban green spaces, often achieving soil fertility levels comparable to or higher
than those of imported topsoil [14,15,22]. By reducing reliance on externally sourced
fertile soils and synthetic fertilizers, residential Technosols can decrease the demand for
material transportation and the associated environmental footprint, contributing to more
resource-efficient urban landscaping strategies.

Regarding ecosystem services, although this study did not directly quantify param-
eters such as soil temperature regulation, infiltration rates, or microclimatic effects, the
documented improvement in soil quality and plant performance suggests that residential
Technosols can promote multifunctional green spaces with potential contributions to urban
climate regulation and human well-being. Urban soils rich in organic matter and vegetated
areas have been widely associated with improved thermal buffering, mitigation of the
urban heat island effect, and greater aesthetic and recreational value in cities [2,8,9].

The integration of residential Technosols into urban land management and green space
design aligns closely with Sustainable Development Goals 11 and 12, providing an opera-
tional pathway to link responsible consumption and production with sustainable cities and
communities. While current results demonstrate the technical feasibility and immediate
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benefits of this approach, future research should incorporate microbiological, ecotoxico-
logical, and long-term monitoring to assess the persistence of soil improvements, carbon
dynamics, and the potential behavior of contaminants under urban residential conditions.

5. Conclusions

This study confirms that municipal solid waste from households can be effectively
transformed into functional Technosols at a residential scale, supporting the claim that
Technosols derived from waste significantly improve the chemical fertility of urban soil.
In the Altos de Guadalupe residential complex, per capita waste generation reached
0.56 kg /person/day, of which 56.4% corresponded to recyclable organic and inorganic
fractions suitable for Technosol production, demonstrating the viability of decentralized
waste valorization in medium-sized residential communities.

The Technosols formulated from residential waste exhibited a near-neutral pH (x7.1),
a high organic matter content, and elevated concentrations of essential macro- and mi-
cronutrients. When applied as a 5 cm topsoil layer, the stratified soil-Tecnosol system
increased soil organic matter by 5.4 percentage points compared to the unamended control,
significantly improved the availability of P, K, Ca, and Mg, and increased cation exchange
capacity, indicating a greater ability to retain and supply nutrients.

These improvements resulted in better agronomic performance of Duranta erecta. After
300 days, plants grown with a Tecnosol topsoil layer reached an average height of 83.5 cm,
approximately 42% greater than those grown in unamended soil, and showed a significantly
higher amount of root dry matter (58.29% vs. 34.38%). With this configuration, the Tecnosol
functioned as a biologically active surface horizon that interacted with the underlying
native soil, rather than as a conventional amendment.

This study demonstrates that residential waste-to-soil conversion strategies can simul-
taneously address soil degradation and household waste management, in line with the
principles of the circular economy and Sustainable Development Goals 11 and 12.

From a future research and management perspective, long-term studies are needed to
assess the stability of soil improvements, nutrient dynamics, and potential environmental
implications in residential urban settings, including microbiological and ecotoxicological
aspects. At the planning level, integrating residential Technosols into municipal waste
management and urban green infrastructure strategies could foster scalable and context-
specific approaches to the circular management of urban soil.
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