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ABSTRACT
Biochar is valued for its soil-enhancing properties but often shows limited benefts for crop production due to low inherent
nutrient content. Combining biochar with fertilizers or manures can greatly improve its efectiveness. This study explored
the potential of enriching rice husk biochar (RHB) with nutrients by using it as a flter medium in domestic wastewater
treatment. The agronomic efects of the treated rice husk biochar (TRHB) were then compared to those of the pristine RHB in
a screenhouse pot trial at the University of Dschang, Cameroon. RHB and TRHB were applied at 10, 20, and 30 t/ha, with and
without mineral fertilizer in a completely randomized design with four replications. Agronomic efects on lettuce (Lactuca
sativa) were evaluated over two cropping cycles by measuring the number of leaves, leaf surface area, shoot height, and
aboveground biomass. Wastewater fltration signifcantly altered biochar properties. Compared to RHB, TRHB showed
increases in bulk density (þ45.1%), organic carbon (þ21%), total nitrogen (þ170%), and total phosphorus (þ106.7%).
However, there was a decrease in the pH (�29.4%), ash content (�27.9%), cation exchange capacity (�10%), and base cations
(K: �49.8%, Na: �44.6%, Ca: �22.2%, Mg: �13.6%). In unfertilized treatments, TRHB increased aboveground biomass
relative to the control (up to 87.9% and 244.1% at 30 t/ha in the frst and second cycles, respectively), but these gains were not
statistically signifcant at rates below 30 t/ha. In contrast, RHB produced signifcantly higher aboveground biomass increases
of 337.7% and 436.4% at 30 t/ha. Fertilization signifcantly enhanced aboveground biomass production (p < 0.05) across
treatments. Although wastewater fltration achieved partial nutrient enrichment, the substantial loss of ash and base cations
reduced the liming capacity and overall agronomic performance of TRHB compared to RHB on the acidic oxisol. These
fndings highlight the trade-ofs in dual-use biochar systems and the need for optimized fltration strategies to enhance its
value as a sustainable soil amendment.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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1 | Introduction

Soil degradation and nutrient depletion pose signifcant chal-
lenges in agriculture, highlighting the need for innovative so-
lutions to sustain soil fertility and support sustainable crop
production. Biochar, a solid material obtained from the ther-
mochemical conversion of biomass in an oxygen-limited envi-
ronment [1], has gained attention for its potential to enhance soil
health due to its unique properties, notably its porous structure,
large internal surface area (200–1000m2/g), and low bulk density
(less than 0.6 g/cm3) [2, 3]. These properties have made biochar
more attractive for use as a soil amendment [4–6] and as
a wastewater fltration media [2, 7, 8]. Additionally, biochar
contributes to carbon sequestration due to its high chemical
stability [9, 10]. However, the properties of the biochar will
greatly depend on the feedstock type and conditions of pyrolysis,
such as the pyrolysis temperature, heating rate, and oxidation
capacity [11]. Biochar derived from cellulosic feedstocks, such as
straw or wood, often has low ash content and thus lacks essential
nutrients, such as calcium, magnesium, potassium, and trace
elements, such as iron, zinc, and manganese [12]. Also, biochars
produced at lower temperatures (< 500°C) favor nutrient re-
tention and water-holding capacity and are hence suitable for
agriculture, while higher temperatures enhance adsorption ca-
pacity and chemical stability, making it more suitable for
wastewater treatment [9, 10].

Various biomass, notably crop residues, woody materials, green
wastes, animal manures, and agricultural byproducts, can be
used as feedstocks for biochar production [9]. Using agricultural
wastes for biochar production ofers an added advantage as it
promotes the management of these wastes as they are most often
underutilized due to low heating value and slow decomposition
rates. As a result, they are frequently disposed of by burning in
felds, dumping in rivers, or piling near processing facilities,
leading to soil degradation and environmental pollution [4, 13].
Among these agricultural wastes, rice husk is prominent due to
the high global rice consumption rates. Rice is a staple food for
more than 50% of the world’s population, with the annual global
production of rice husk estimated to be approximately 148.4 and
156.4 million tons in 2014 and 2018, respectively [9]. The ex-
tensive generation of rice husk, often burned near processing
sites, exacerbates environmental pollution [4, 14]. Converting
rice husk into biochar represents an efective strategy for pro-
moting sustainable agriculture and mitigating environmental
impact.

Rice husk biochar (RHB) has demonstrated efectiveness both in
wastewater fltration [7, 15–18] and as a soil amendment
[9, 19–21]. Biochar from rice husk was shown to bring more
returns (33.06%) to farmers compared to corncob biochar
(13.32%) and no biochar application (8.14%) when used in cas-
sava production [20]. Additionally, studies conducted by
Upadhyay et al. [22] on the infuence of green waste biochar on
the productivity of lettuce showed that 30 t/ha of this biochar was
most efective for optimal growth of the plant in sand culture.
However, the low nutrient content of biochar has limited its
standalone efectiveness as positive efects of biochar application
to soils are generally only observed when biochar is used together
with fertilizers or manure [6, 10, 23].

Recent research has focused on methods to enhance the nutrient
content of biochar in order to make it more benefcial in

agriculture [6, 10]. Techniques for producing nutrient-enriched
biochar include direct pyrolysis of nutrient-rich feedstocks, such
as manures, sludge, composts, and algae [24–26]; prepyrolysis
treatments, such as impregnating biomass with nutrient solu-
tions or inorganic salts before pyrolysis [27–29] and postpyrolysis
treatments, which involve soaking or mixing the produced
biochar with nutrient-rich liquids or fertilizers to promote nu-
trient adsorption [6, 30, 31]. Most of these treatments have relied
on synthetic loading typically involving the direct addition of
nutrient solutions to pristine biochar under controlled or room
temperature conditions [32], which does not refect the more
complex and variable conditions encountered during actual
wastewater treatment processes. Attempts to enrich biochar with
nutrients through real wastewater fltration have yielded in-
consistent and variable results [17, 33]. While some nutrient
adsorption occurs, it is often incomplete and accompanied by
leaching of other essential nutrients. It is therefore unclear
whether biochars used as flter media in wastewater treatment
can actually become enriched with plant-available nutrients in
sufcient quantities to substitute or supplement conventional
fertilizers. This remains a key knowledge gap, particularly in low-
resource settings where resource-efcient, low-cost fertilizers are
urgently needed. This study aims to contribute to the literature by
investigating the potential for enriching RHB during domestic
wastewater treatment and exploring its subsequent use as
a nutrient-rich fertilizer for soil amendment. We hypothesized
that biochars used as flter media in wastewater treatment can
become nutrient-enriched and subsequently serve as an efective
fertilizer for soil amendment. By integrating these two appli-
cations, this research seeks to advance sustainable agricultural
practices and innovative wastewater management strategies.

2 | Materials and Methods

2.1 | Biochar Production

The rice husk (Figure 1a) used in this study was sourced from
AFRIFOOD, a rice processing company in Bafoussam, West
Region of Cameroon. The rice husk was pyrolyzed using a locally
fabricated, batch-type metal kiln located at the University of
Dschang, Cameroon. The kiln is externally fueled using fre-
wood. During operation, the pyrolyzer unit is sealed to maintain
oxygen-limited conditions necessary for pyrolysis. However, an
aeration pipe was provided to capture and redirect pyrolysis gases
back to the heating chamber, where they get combusted and
contribute to heating. Based on preliminary experiments, the
pyrolysis was conducted for 4 h (excluding cooling time) to
ensure complete conversion of the feedstock. Kiln temperatures
were monitored every 30min with a thermocouple equipped
with a type K probe. Temperatures in the kiln varied between
393°C and 618°C, with an average of 502°C. The resulting bio-
char (Figure 1b) was fne and did not require additional crushing.

2.2 | Wastewater Filtration

The RHB used in the study was previously used as a flter ma-
terial for domestic wastewater treatment in our previous study
[7]. This was carried out using a vertical fow flter vegetated with
the macrophyte Echinochloa pyramidalis and replicated three
times. The wastewater was passed through the system contin-
uously for a period of 6 months at a hydraulic loading rate of
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about 350 L/m2/day. Each system featured a treatment layer
consisting of a bottom gravel layer (20 cm), a biochar layer
(45 cm), and a top gravel layer (5 cm). Table 1 presents the av-
erage infuent and efuent characteristics of the domestic
wastewater fltered using the RHB.

2.3 | Setup and Location of the Experimental Pot
Trial

The pot experiment was carried out in a screenhouse environ-
ment at the University of Dschang, Cameroon, for a period of
three months, from March to May 2022 corresponding to 2
growth cycles for transplanted lettuce. The region features an
equatorial climate with two distinct seasons: a dry season from
mid-November to mid-March and a rainy season from mid-
March to mid-November. The soil used for the study was an
oxisol with the following characteristics: clay = 14%, silt = 9%,
sand = 77%. pH= 5.5; bulk density = 0.949 g/cm3, organic
matter = 7.95%; organic carbon = 4.61%; available phosphorus
(Bray II) = 34.51mg/kg, total nitrogen = 0.38%; potassium= 2.60
meq/100g; calcium= 15.41 meq/100g; magnesium= 1.87 meq/
100g; sodium= 0.74 meq/100g; CEC pH7 = 27 meq/100g.

The study involved the use of 2 biochar types: the pristine RHB and
that obtained after wastewater treatment hereby referred to as
treated rice husk biochar (TRHB). The experiment was carried out
over 2 cropping cycles using 3 biochar application rates (10, 20, and
30 t/ha) with bare soil used as control. The biochar application rates
were achieved, respectively, by mixing the following percentages of
biochar with soil: 0.42%, 0.84%, and 1.26% (kg of biochar per kg of
soil) based on soil bulk density of 0.949 g/cm3 assuming a plow
depth of 25 cm. The treatments were as follows: T1: bare soil (B0);
T2: 10 t/ha RHB (RHB10); T3: 10 t/ha TRHB (TRHB10); T4: 20 t/ha
RHB (RHB20); T5: 20 t/ha TRHB (TRHB20); T6: 30 t/ha RHB
(RHB30); T7: 30 t/ha TRHB (TRHB30). Each of the seven treat-
ments was tested with and without fertilizer application, with each
combination replicated four times, resulting in a total of 56 pots per
trial. Fertilized treatments were indicated by appending an “F” to
the corresponding treatment name. The experiment was carried out
in plastic pots (20 cm in diameter and 25 cm in height) using
a completely randomized design (CRD).

Soil samples were collected from the plow layer (0–25 cm) of
experimental felds at the Faculty of Agronomy and Agricultural
Sciences, University of Dschang, Cameroon. For each treatment,
3 kg of soil was mixed with the designated biochar before being
placed into plastic pots. Fertilizer application occurred on the soil
surface after transplanting. The fertilizer used was a granular 20-
10-10 (N-P2O5-K2O) composite, applied at a rate of 200 kg/ha in
accordance with local practices. The experiment was conducted
under natural rainfed conditions.

Lettuce plants (Lactuca sativa) were nursed for 6 weeks, and
well-established seedlings with 3 true leaves were transplanted
into pots, one plant per pot. Lettuce has a loose-leaf growth habit,
characterized by leaves that are loosely bunched and curly, with
a growth period of 65–130 days after sowing, depending on the
growing season. Lettuce was selected for this study because it is
known to be highly responsive to nutrients [22] making it ideal
for evaluating the efects of biochar. Additionally, lettuce is
recommended by the International Biochar Initiative for ger-
mination tests of biochar materials [34].

(a) (b)

FIGURE 1 | Rice husk used for the study: before pyrolysis (a) and after pyrolysis (b).

TABLE 1 | Infuent and efuent characteristics of the wastewater
treatment (mean� standard deviation, n= 6).

Parameter Unit Infuent Efuent

pH [�] 7.8� 0.2 7.3� 0.3

EC (μs/cm) 2653� 1311 1557� 1134
TDS

(mg/L)

1347� 689 777� 563
TSS 210� 156 22.9� 11
NO3

- 8.5� 9.3 8.4� 11.4
PO4

3- 36.3� 21.3 8.0� 1.8
COD 540� 509 141.9� 120.9
BOD5 124.8� 54 19.6� 16.8

Fecal coliforms (log10 CFU/
100mL)

7.4� 0.2 5.9� 0.8
Fecal streptococci 6.9� 0.2 5.8� 0.5
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2.4 | Assessment of Plant Growth and Productivity

To assess plant growth and productivity, the number of leaves,
leaf surface area, shoot height, and aboveground biomass were
measured. The number of leaves was counted weekly after
transplanting, while leaf surface area, shoot height, and
aboveground biomass were recorded at harvest, which occurred
6 weeks post-transplanting. Leaf surface area was calculated by
multiplying the length by the width of each leaf, with the length
determined by averaging the north–southmeasurements of three
fully extended leaves and the width by averaging the east–west
dimensions at the widest point of each leaf. For aboveground
biomass assessment, plants were cut at the soil surface, and the
fresh weight of the aboveground biomass was recorded.

2.5 | Soil and Biochar Characterization

The biochar’s physicochemical properties were measured before
and after wastewater fltration to determine the impact of fltration
on its characteristics. All analyses were conducted at the Labo-
ratory of Soil Science and Environmental Chemistry, University of
Dschang, Cameroon, using standard methods [1]. The biochar
sample analyzed before wastewater fltration was a composite,
prepared by mixing subsamples from each of the seven biochar
batches produced. The postfltration sample was a composite
obtained by mixing subsamples from each of the three flters used
during the wastewater fltration process. Additionally, the soil
used in the experiment was analyzed before the study at the
Laboratory of Soil Science, University of Dschang, following the
standard methods outlined in Pauwels et al. [35].

2.6 | Statistical Analysis

All statistical analyses were conducted using SPSS software
Version 23. To determine the signifcance of treatment efects,
analysis of variance (ANOVA) was applied using the least sig-
nifcant diference (LSD) test, with a threshold set at p < 0.05 and
the Tukey test used for post hoc comparisons. Data were ana-
lyzed separately for the frst and second crop cycles to account for
any temporal variations while making distinctions between
fertilized and unfertilized treatments within each crop cycle. This
approach ensured a comprehensive evaluation of the efects of
biochar and fertilizer treatments on plant growth and pro-
ductivity across both cycles.

3 | Results

3.1 | Infuence of Wastewater Treatment on the
Characteristics of Biochar

Table 2 presents the physicochemical properties of RHB before
and after wastewater fltration (TRHB), along with the per-
centage changes. Wastewater fltration resulted in notable in-
creases in several parameters: bulk density (þ45.1%), organic
carbon (þ21%), total nitrogen (þ170%), and total phosphorus
(þ106.7%). In contrast, signifcant decreases were observed in
pH (from 8.5 to 6.0, �29.4%), porosity (�4.4%), ash content
(�27.9%), cation exchange capacity (�10%), and several base
cations (Ca:�22.2%, K:�49.8%, Mg:�13.6%, Na:�44.6%). These
changes suggest that while some nutrient enrichment occurred
during wastewater fltration, substantial leaching of ash and
exchangeable bases also took place. This variation in properties

between RHB and TRHB is likely to infuence the efectiveness of
the treated biochar when reused as a soil amendment.

3.2 | Efect of Biochar Application on Plant Growth
and Productivity

3.2.1 | Efect on the Number of Leaves

In the frst crop cycle, the number of leaves increased pro-
gressively across all treatments over the 6-week period. No
signifcant diferences were observed among treatments during
the frst and second weeks. Signifcant diferences (p < 0.05)
emerged from the third week onward, with plants grown in RHB
treatments producing more leaves than those in TRHB and
control treatments (Figure 2). At harvest, the unfertilized control
produced the lowest number of leaves (8), while RHB30 pro-
duced the highest (13) among unfertilized treatments, repre-
senting a 62.5% increase compared to the control. Fertilization
signifcantly (p < 0.05) increased leaf number across treatments.
The highest value was recorded in RHB30+ F (16 leaves), rep-
resenting a 77.8% increase compared to the fertilized control (9
leaves). However, TRHB10+ F produced the lowest (8 leaves),
though statistically similar to the fertilized control. In the second
crop cycle, signifcant diferences appeared earlier (from the
second week). At harvest, the unfertilized control again had 8
leaves, while RHB30+ F recorded the highest number (16
leaves). Figure 2 shows the variation in the number of leaves by
treatment at harvest for both crop cycles.

3.2.2 | Efect on Leaf Surface Area

Leaf surface area increased with biochar application rate for both
fertilized and unfertilized plants in both cropping cycles (Figure 3).
In the frst crop cycle, no signifcant diferences were observed
among unfertilized treatments. Fertilization had a signifcant ef-
fect (p < 0.05), with RHB20+ F producing the largest leaf surface
area (238.6 cm2), representing a 126.8% increase compared to the
fertilized control (105.2 cm2) (Figure 3). In contrast, the fertilized
control (B0+ F) recorded the smallest leaf surface area.

In the second crop cycle, signifcant diferences (p < 0.05) were
observed among fertilized treatments. RHB30+ F produced the
largest leaf surface area (204.7 cm2), which was 498.5% higher
than the fertilized control (34.2 cm2). Overall, leaf surface area
was considerably larger in the frst cropping cycle than in the
second. While leaf surface area generally increased with biochar
application rate, only RHB at 30 t/ha showed signifcant im-
provement compared to the control in unfertilized conditions.
Figure 3 illustrates the variation in leaf surface area by treatment
at harvest for both crop cycles.

3.2.3 | Efect on Shoot Height

Generally, plant height followed the trend RHB> TRHB> B0 in
both cropping cycles. Shoot height increased with increasing
biochar application rate for both fertilized and unfertilized plants
(Figure 4). No signifcant diferences in shoot height were ob-
served between the two crop cycles. In the frst crop cycle, fer-
tilization signifcantly (p < 0.05) infuenced plant height. The
tallest plants were recorded in RHB20+ F (24.1 cm), repre-
senting a 66.2% increase compared to the fertilized control
(14.5 cm) (Figure 4). In contrast, the shortest plants were in the
fertilized control (B0+ F).
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TABLE 2 | Changes in biochar properties following wastewater fltration.

Parameters Pristine biochar (RHB) Filter biochar (TRHB) % change
Bulk density (g/cm3) 0.255 0.370 45.1
Total porosity (%) 90 86 �4.4
pH water 8.5 6.0 �29.4
Calcium (mg/100g) 360 280 �22.2
Potassium (mg/100g) 601 302 �49.8
Magnesium (mg/100g) 535 462 �13.6
Sodium (mg/100g) 186 103 �44.6
CEC - pH7 (meq/100g) 30 27 �10
Organic carbon (%) 28.55 34.55 21
Total nitrogen (%) 0.70 1.89 170
Carbon/nitrogen (C/N) 41 18 �56.1
Total phosphorus (mg/kg) 98.18 202.94 106.7
Ash content (%) 43 31 �27.9

Abbreviation: CEC, cation exchange capacity.
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FIGURE 2 | Variation in the number of leaves of lettuce at harvest under diferent biochar treatments during crop cycles 1 and 2.
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In the second crop cycle, RHB30þ F produced the tallest plants
(23.4 cm), which was 100% taller than the fertilized control
(11.7 cm). RHB plants were signifcantly taller (p < 0.05) than
TRHB plants only at the 30 t/ha application rate. Overall, plants
were taller in the frst cropping cycle compared to the second.
Figure 4 illustrates the variation in shoot height by treatment at
harvest for both crop cycles.

3.2.4 | Efect on Aboveground Biomass Production

Aboveground biomass production increased with higher bio-
char application rates and fertilization (Figure 5). Signifcant
diferences (p < 0.05) in aboveground biomass production were
observed among unfertilized treatments in both crop cycles. In
the frst crop cycle, RHB30 recorded the highest aboveground
biomass (53.4 g), representing a 337.7% increase compared to
the unfertilized control. TRHB30 achieved an 87.9% increase
over the control, while TRHB10 produced 7.5% lower above-
ground biomass than the control. No signifcant diferences
were observed between biochar treatments and the control at
10 t/ha and 20 t/ha application rates.

In the second crop cycle, RHB30 again produced the highest
aboveground biomass (31.1 g), corresponding to a 436.4% in-
crease relative to the unfertilized control. TRHB30 showed
a substantial 244.1% increase. Fertilization signifcantly
(p < 0.05) enhanced aboveground biomass production across all

treatments. The highest aboveground biomass was recorded in
RHB30+ F, which was 296.5% higher than the fertilized control,
followed by RHB20+ F (143.7% increase). The fertilized control
performed better than TRHB10 and TRHB20 treatments. Other
fertilized treatments were statistically similar to the fertilized
control. Overall, pristine biochar treatments consistently out-
performed TRHB treatments, particularly at the 30 t/ha rate.
Figure 5 illustrates the variation in aboveground biomass pro-
duction across treatments at harvest for both crop cycles.

4 | Discussion

Wastewater fltration did not result in an overall enrichment of
the RHB. While increases occurred in bulk density (þ45.1%),
organic carbon (þ21%), total nitrogen (þ170%), and total
phosphorus contents (þ106.7%), substantial decreases were
recorded in pH (from 8.5 to 6.0, �29.4%), ash content
(�27.9%), cation exchange capacity (�10%), and several base
cations (K:�49.8%, Ca:�22.2%, Mg:�13.6%, Na:�44.6%). The
marked reduction in pH is most likely attributable to the loss of
ash, which typically contributes to the liming capacity of al-
kaline biochars. Similar reductions in pH and ash content
following wastewater exposure have been reported in other
studies [6, 34]. The decrease in exchangeable base cations and
CEC suggests leaching of these ions into the wastewater
during the 6-month fltration period, especially under
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FIGURE 3 | Variation in leaf surface area of lettuce at harvest under diferent biochar treatments during crop cycles 1 and 2.
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intermittent heavy rainfall conditions in the vertical fow
system. The increase in bulk density and slight reduction in
porosity (�4.4%) further suggest that pores were partially
clogged by suspended solids and organic matter from the
wastewater. Nonetheless, these biochars still possessed a lower
bulk density compared to the soil used. Adding low bulk
density biochar to compacted soils can enhance aeration,
water infltration, and root penetration [4, 34].

Conversely, the gains in organic carbon, nitrogen, and
phosphorus indicate some retention and adsorption of organic
matter and nutrients from the domestic wastewater. These
observed increases in organic carbon and total nitrogen align
with some previous fndings. Sarkhot et al. [36] reported in-
creases in carbon (9.3%) and nitrogen (8.3%) when wood
shavings biochar was treated with dairy manure efuent for
24 h. Visiy et al. [33] also documented slight increases in
organic carbon (1.1%) and nitrogen (0.77%) when corn cob
biochar was used in domestic wastewater treatment over a 6-
month period. However, the substantial increase in total
phosphorus (þ106.7%) in this study contrasts with Werner
et al. [17] and Visiy et al. [33], who observed decreases in
phosphorus content in wastewater-exposed rice husk and corn
cob biochars, respectively. This discrepancy suggests that the
direction and magnitude of nutrient changes during waste-
water fltration depend on several factors, including biochar
feedstock type, pyrolysis conditions, wastewater

characteristics, hydraulic loading rate, and duration of fl-
tration. These variations highlight the need for further con-
trolled experiments to elucidate the underlying mechanisms
of nutrient retention and leaching when using biochar in dual-
purpose applications.

In the pot trial, the efect of biochar application rate was clearly
evident. Aboveground biomass production and other growth
parameters generally increased with higher application rates, but
signifcant (p < 0.05) improvements were mostly observed only
at the highest rate of 30 t/ha. TRHB did not signifcantly improve
lettuce growth and productivity compared to the unfertilized
control at 10 and 20 t/ha, although modest aboveground biomass
increases were recorded at 30 t/ha (87.9% and 244.1% in the frst
and second cycles, respectively). In contrast, pristine RHB
consistently outperformed TRHB, with aboveground biomass
increases reaching 337.7% and 436.4% at 30 t/ha in the frst and
second crop cycles, respectively. This rate-dependent response
supports previous fndings that a minimum application rate of
around 30 t/ha is often required to observe tangible efects on
lettuce growth [22, 34]. The superior performance of RHB over
TRHB, particularly at higher rates, is likely due to its higher
pH and greater content of base cations, which provided a stronger
liming efect on the acidic oxisol (initial pH 5.5). The lower
pH and reduced CEC of TRHB limited its ability to alleviate soil
acidity and retain nutrients, thereby reducing plant-available
nutrient supply.
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These fndings are consistent with previous studies on
wastewater-treated biochars. Werner et al. [17] observed a 72%
increase in spring wheat biomass with pristine RHB and only
a 37% increase with the treated version. Similarly, Visiy et al. [33]
reported a 322% increase in lettuce aboveground biomass with
pristine corn cob biochar compared to 142% with the treated
version. Oh et al. [37] noted lower lettuce yields when using
biochar impregnated with anaerobically digested slurry com-
pared to commercial fertilizer. Carter et al. [38] demonstrated
that biochar application signifcantly infuenced lettuce growth,
with clear benefts observed at 30 t/ha. Upadhyay et al. [22] also
found that 30 t/ha of green waste biochar was most efective for
optimal lettuce growth in sand culture, though growth declined
with higher rates due to increased pH and electrical conductivity.
Similarly, Artiola et al. [34] reported higher lettuce yields at 40 t/
ha compared to 80 t/ha, confrming the assertion that while
increases in biochar applicationmay increase plant growth, there
exists a threshold beyond which plant growth will decline.

While biochar addition to soil produced better plant growth,
a combination of fertilizer and biochar signifcantly improved
yields, consistent with the fndings of other researchers [34, 38].
In addition, the fertilized control outperformed the enriched
biochar treatments at 10 t/ha and 20 t/ha. Kizito et al. [6] also
obtained slightly lower yields (20%–25%) in digestate-enriched
biochar compared to fertilized treatments. The slightly lower
yield achieved from digestate-enriched biochar was attributed to

slower mineralization and release of the adsorbed nutrients in
the short term. This confrms that biochar, particularly the
treated form, cannot fully replace mineral fertilizers in the short
term on nutrient-poor acidic soils. The relatively better perfor-
mance of TRHB in the second crop cycle compared to the frst
suggests a possible slow-release efect or gradual improvement in
soil conditions over time [34]. Overall, this study demonstrates
both the opportunities and limitations of using RHB for dual
purposes. While some nutrient enrichment (especially N and P)
occurred during wastewater fltration, the substantial loss of ash
and base cations reduced the liming capacity and overall agro-
nomic value of TRHB compared to pristine RHB.

5 | Conclusions

The study tested the hypothesis that RHB used as a flter medium
in domestic wastewater treatment can become sufciently
nutrient-enriched to serve as an efective soil amendment. The
results showed that wastewater fltration led to partial nutrient
enrichment, with notable increases in organic carbon (þ21%),
total nitrogen (þ170%), and total phosphorus (þ106%). However,
these gains were accompanied by signifcant reductions in
pH (�29.4%), ash content (�27.9%), cation exchange capacity
(�10%), and base cations. In the pot trial, the TRHB produced
modest increases in lettuce aboveground biomass compared to
the unfertilized control, particularly at the 30 t/ha application
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rate. Nevertheless, it consistently underperformed the pristine
RHB, which showed substantially higher aboveground biomass
increases. Signifcant improvements in plant growth weremainly
observed at the highest application rate of 30 t/ha and when
biochar was combined with mineral fertilizer.

These fndings indicate that while wastewater fltration can enrich
biochar with some nutrients, the loss of ash and base cations during
prolonged fltration reduces its liming capacity and overall agro-
nomic efectiveness on acidic tropical soils. The study demonstrates
both the potential and the current limitations of the dual-use ap-
proach for RHB in wastewater treatment and soil amendment.
Although TRHB showed some benefts over the control, it could not
match the performance of pristine biochar in the short term. Long-
term feld studies are recommended to evaluate the residual efects
of treated biochar and to explore strategies, such as shorter fltration
periods, post-treatment reactivation, or co-application with lime or
fertilizers to optimize its value.
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