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Abstract

Petroleum hydrocarbon contamination of soil is a major environmental challenge in crude-oil-producing areas. Agricultural and abattoir wastes
are promising low-cost soil amendments but remain greatly underutilized. In this study, cattle rumen content (CRC), rice husk biochar (RHB)
and cow horn biochar (CHB) were converted into soil amendments and applied to petroleum-hydrocarbon-contaminated soils. Physicochemical
characterization showed that CaO, SiO, and SO; were predominant in CRC, RHB and CHB, respectively. Quantitative phase X-ray diffraction
gave 65 wt% and 56 wt% graphite in RHB and CHB, respectively, while a chaoite-like phase was tentatively observed in CRC at about 28 wt%.
Brunauer—Emmett—Teller surface areas were 356.0, 254.9 and 185.9 m? g~! for CHB, RHB and CRC, respectively, with all materials exhibiting
mesoporous structures (pore diameters 2.55-2.65 nm). RHB had a higher ash content (50%) than CHB (16%) and CRC (12%). When the
amendments were applied to contaminated soil with an initial total petroleum hydrocarbon (TPH) concentration of 1307 mg kg™! for 60 days,
amendment type and application rate affected TPH reduction. RHB and CHB reduced TPH by 94% and 93%, respectively, at a 20% application
rate, whereas CRC reduced TPH by 98% at a 10% application rate. Hydrocarbon-utilizing bacteria increased with time, with CRC producing
the strongest stimulation. The study highlights the practical value of converting agricultural and abattoir wastes into effective soil remediation
amendments for hydrocarbon-impacted areas.
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1. Introduction exploitation, transport and storage [1]. PHC spills destroy soil
) o structure, diminish soil porosity, deplete nutrients and damage
Soil contamination by petroleum hydrocarbons (PHCs) oc-  yegetation, resulting in reduced crop yield [1, 2] and decreases

curs through pipeline leakages and mishaps during exploration, i microbial diversity and populations [3, 4]. PHCs pose health
and environmental risks because of their toxicity and bioaccu-
mulation [5, 6]. Natural attenuation relies on natural processes
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P & to reduce PHC concentrations in soil, but the process may take

Email address: po.iniaghe@gmail.com (Paschal Okiroro Iniaghe)


https://nsps.org.ng
https://creativecommons.org/licenses/by/4.0

F O. Iniaghe et al. / J. Nig. Soc. Phys. Sci. 8 (2026) 3388 2

several years to complete [7]. Several technologies, including
physical remediation and chemical treatments, have been used
in the cleanup of PHC-contaminated soil, but inherent short-
comings such as high cost, secondary pollution from byproduct
generation and harm to soil microorganisms limit their applica-
tion [8, 9].

Bioremediation is an effective, economical and eco-friendly
approach that has become popular for mineralizing organic con-
taminants in soil environments [10]. Because of its simplicity,
cost-effectiveness and environmental friendliness, it has been
used for remediation of PHC-contaminated soils [11]. How-
ever, this technique is limited by soil nutrient status, pH and pol-
lutant concentration [12]. Hence, attention has moved toward
amendment-enhanced methods that improve soil conditions and
stimulate indigenous microbial communities [13—15]. Further-
more, the use of crop residues and waste biomass in the produc-
tion of cost-effective sorbents for PHCs is increasing [4, 16].
Biochars are high-carbon solids produced by high-temperature
pyrolysis under anoxic or anaerobic conditions and have docu-
mented soil restoration potential [1, 17-20]. Their large surface
areas, porosity and surface functional groups make them useful
for pollutant immobilization and as habitats for microorganisms
[21-23]. Rice husk, a byproduct of rice milling, is one biomass
that can be converted to biochar for such purposes. Cow horn
contains microbial-stimulating nutrients [24, 25], but is largely
underutilized as a feedstock for biochar materials, while cattle
rumen content is composed mainly of plant fibers with various
microbial communities [26].

Apart from contaminant removal, biochar may also se-
quester carbon and improve microbial diversity in PHC-
contaminated soils [27]. While rice husk biochar is well doc-
umented for remediating PHC-contaminated soils [2, 12, 28],
systematic variation of its application rate to obtain an optimal
dosage remains poorly explored. Cow horn, on the other hand,
is an underutilized feedstock biomass for biochar production
and represents a novel application for PHC-contaminated soils,
with a previous study examining cow horn powder [29]. Fur-
thermore, cattle rumen as a potential biostimulant is mechanis-
tically distinct from biochars, and its application in the remedi-
ation literature remains scarce. This study therefore fills these
gaps by characterizing cattle rumen content, rice husk biochar
and cow horn biochar using compositional and surface analyti-
cal techniques, and by evaluating their effectiveness in enhanc-
ing degradation of total petroleum hydrocarbons (TPHs) in con-
taminated soil at application rates of 5%, 10%, 15% and 20%
over a 60-day period.

2. Materials and methods

2.1. Sample collection and preparation

Cattle rumen content (CRC) was collected from the abattoir
in Sapele Road Market, Effurun, Delta State, Nigeria. The ma-
terial was air-dried for five weeks, ground using a mechanical
blender and sieved through a 2 mm mesh to obtain a uniform
sample (Figure 1). Rice husk samples were collected from a
local rice miller in Ado Ekiti, Ekiti State, Nigeria, and air-dried

(Figure 2). Cow horns were also sourced from the same abattoir
in Sapele Road Market, Effurun, Delta State, Nigeria, washed,
rinsed, air-dried for 72 h and cut into bits (Figure 3).

2.2. Pyrolysis of feedstock materials

Pyrolysis was performed using a laboratory batch-scale
method. Approximately 100 g of rice husk and cow horn sam-
ples were separately weighed into airtight stainless steel con-
tainers and placed in a muffle furnace. The furnace temperature
was set at 500 °C, and the feedstock materials were pyrolyzed
for 3 h at a heating rate of 10 °C min~! under limited oxygen.
The biochar obtained was ground in a mechanical blender and
sieved through a 2 mm mesh. The yields of rice husk biochar
(RHB) and cow horn biochar (CHB) were 16.6% and 31.2%,
respectively.

2.3. Characterization of biochar materials and cattle rumen
content

Elemental and oxide composition analyses were determined
by X-ray fluorescence (XRF) using a Rigaku ZSX Primus II
wavelength-dispersive XRF spectrometer. Surface morphol-
ogy was examined using a Phenom ProX scanning electron
microscope (SEM; Phenom-World, Eindhoven, Netherlands).
X-ray diffraction (XRD) analysis was performed under theta-
theta geometry (4-75° 26, step size 0.026261°, 45 kV, 40 mA),
while quantitative phase analysis used the reference intensity
ratio (RIR) method. Brunauer—Emmett-Teller (BET) surface
area and density functional theory (DFT) pore size distribution
were determined using a Quantachrome Nova 4200e instrument
(Quantachrome Instruments, USA). Fourier transform infrared
(FTIR) spectroscopy was performed using an Agilent Cary 630
spectrometer to identify functional groups of the amendment
materials. Ash content was determined gravimetrically as the
percentage mass loss on ignition relative to the initial dry sam-
ple mass [30]. The pH of each amendment was determined us-
ing a 1:1 amendment:water mixture with a handheld pH meter
[31].

2.4. Soil contamination and remediation experiment

2.4.1. Soil preparation

Soil samples were collected from pristine areas within the
Federal University of Petroleum Resources Effurun campus,
air-dried and sieved through a 2 mm sieve. Crude oil was col-
lected from a flow station in Bayelsa State. The soil pH was de-
termined in a 1:1 soil:water mixture using a handheld pH meter
[31], while the particle size distribution method [32] classified
the soil as poorly graded fine to medium sand (SP) using the
sieve method.

The soil was artificially contaminated with 10% crude oil,
giving a TPH concentration of 1307 mg kg~!, consistent with
contamination levels used in comparable remediation studies
[33]. The contaminated soil was homogenized and allowed to
age for 14 days before amendment application.
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(a) Air-dried sample

Figure 1: Photographs of cattle rumen content.

(a) Raw (unpyrolyzed) rice husk (b) Rice husk biochar

Figure 2: Photographs showing rice husk materials.

(a) Fresh cow horn (b) Dried cow horn (chopped) (c) Cow horn biochar

Figure 3: Photographs showing cow horn materials.

2.4.2. Experimental design 15% and 20% w/w) and an unamended control (0%), with three

The remediation experiment comprised three amendment  replicates per measurement. Amendments were thoroughly

types (RHB, CHB and CRC), four application rates (5%, 10%, mixed with contaminated soil and incubated under laboratory
3
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conditions. The moisture-holding capacity of the soil was main-
tained by periodic addition of water. The experiment lasted for
60 days, and 20 g of soil was collected and analyzed for resid-
ual TPH and hydrocarbon-utilizing bacteria (HUB) on days 30
and 60.

2.4.3. TPH analysis

TPH was extracted from soil samples following the US EPA
Method 8015C procedure [34]. A mass of 10 g of homoge-
nized soil was weighed and extracted with dichloromethane by
ultrasonication. The extract was filtered, dried over anhydrous
sodium sulfate and concentrated to approximately 2 mL using a
rotary evaporator. The extract was cleaned by passing it through
silica gel, and TPH was eluted with n-hexane. TPH concentra-
tion was determined using gas chromatography with flame ion-
ization detection (GC-FID). The equipment was calibrated with
n-alkane standards (Cg—Cy).

The percentage TPH reduction was calculated using Eq. (1):

Co-C
TPH reduction (%) = OC—

L % 100, 1)
0
where Cy is the initial TPH concentration and C; is the final
TPH concentration at the sampling time.

2.4.4. Enumeration of hydrocarbon-utilizing bacteria

HUB counts were determined using the ten-fold serial di-
lution and spread plate technique, following the ten-fold serial
dilution spread plate method as modified [35]. The HUB counts
were expressed as CFU g~! of dry soil and back-calculated from
the dilution factor.

2.5. Statistical analysis

All experiments were run in triplicate, and data are ex-
pressed as mean + standard deviation. Statistical analyses
were performed using SPSS. Two-way analysis of variance
(ANOVA) was used to assess the effects of amendment type and
application rate on TPH degradation, and Tukey’s honestly sig-
nificant difference (HSD) post-hoc test was applied when sig-
nificant differences existed.

3. Results and discussion

3.1. Physicochemical characterization
3.1.1. Elemental composition

Results for the elemental composition of the biochars and
CRC are shown in Table 1. Oxygen dominated RHB (48.33 +
0.8%), followed by silicon (31.5 + 0.6%). Oxygen was also the
predominant element in CHB (39.7 + 0.7%), followed closely
by calcium (12.3 + 0.4%) and sulfur (12.1 + 0.5%). Potas-
sium dominated CRC (31.2 + 0.5%), followed by oxygen (30.7
+ 0.6%) and calcium (19.3 + 0.5%). Other trace elements
were present at low concentrations, but they deserve attention
in field-scale applications.

Table 2 shows that RHB was primarily made of silica (67.3
+ 1.3%), supporting its thermal stability and potential for long-
term soil applications [36]. This stability has been attributed to

both 7—n electron interactions and the pore-filling effect [37].
The elevated P,Os content (14.7 + 0.5%) suggests that RHB
could serve as a source of soil phosphorus, in contrast to certain
phosphorus-laden animal-derived biochars [38]. Lower silica
levels were recorded in CHB and CRC (<12%), but compara-
tively higher CaO levels (17.3 + 0.5% and 27.0 + 0.5%, respec-
tively) indicate their pH-buffering potential in acidic soils. The
SO; level in CHB (30.2 + 0.5%) was probably derived from
keratin in cow horn, which contains sulfur-based amino acids
[39]. The ash content of RHB was 50%, consistent with its
high silica content, while CHB and CRC reflected more organic
matrices, with ash contents of 16% and 12%, respectively.

3.1.2. Structural characterization

Quantitative phase analysis by XRD revealed 65 wt% and
56 wt% graphite in RHB and CHB, respectively (Figures 4 and
5). The high graphite content is consistent with an earlier report
showing that lignocellulosic biomasses undergo aromatic car-
bon development within 400-600 °C [40]. Higher temperatures
also support the secondary decomposition of primary pyrolysis
products (furans and anhydrosugars), leading to the formation
of condensed aromatic structures [41].

CRC composition showed diverse crystalline phases (Fig-
ure 6), including aluminium phosphate (24 + 2%), urea (18 +
23%), quartz (14 = 20%) and mascagnite (12 + 18%). Addi-
tionally, a chaoite-like phase with a distinctive peak at 26 =
21.07° (d = 4.212 A) was tentatively identified at about 28 +
39 wt% (Figure 7). It must be emphasized that this identifi-
cation is strictly tentative. The +39% uncertainty reflects the
inherent limitations of the RIR method for quantifying rare car-
bon allotropes, necessitating cautious interpretation. Chaoite
has been found in meteoritic and high-temperature geologi-
cal materials [42], and its presence in biological rumen ma-
terials has not been widely studied. Confirmation by Raman
spectroscopy and/or high-resolution transmission electron mi-
croscopy (HRTEM) is required before any definite conclusion
can be drawn.

3.1.3. Surface area and pore characteristics

The multipoint BET surface areas were 356.0, 254.9 and
185.9 m? g~! for CHB, RHB and CRC, respectively (Table 3).
The high surface areas of RHB and CHB make them poten-
tially effective for application in contaminant immobilization
[43]. The relatively lower surface area of RHB could be due to
residual inorganic components that may block pores, contrast-
ing with reports suggesting that animal-based feedstocks pro-
duce lower-surface-area biochars [44]. The DFT pore volumes
of RHB, CHB and CRC were 0.07386, 0.09233 and 0.046 cm?
g~ !, respectively (Table 3). The pore diameters fell within the
mesoporous range of 2-50 nm [45], similar to an earlier report
[18].

The pH values of the amendments were 7.22, 7.17 and 7.29
for RHB, CHB and CRC, respectively. The near-neutral to
slightly alkaline pH values of all amendments suggest compat-
ibility with soil microbial activity during remediation.
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Table 1: Elemental composition of RHB, CHB and CRC.

Element RHB (wt%) CHB (wt%) CRC (wt%)
o 48.33 + 0.8 39.7 £ 0.7 30.7 + 0.6
Mg - - -

Al 0.6 £ 0.03 51+0.1 6.5+ 0.2
Si 315+ 0.6 52+02 53+0.2
P 6.4+0.2 1.0 +0.05 0.7+0.01
S 0.2+0.02 12.1 + 0.5 1.2+0.05
Cl 1.7+0.05 10.1 + 0.3 -

K 6.0 +0.2 2.1+0.1 312+ 0.5
Ca 32+0.1 123+ 04 19.3 + 0.5
Ti 0.1 £0.01 1.0 £0.06 0.9 £0.05
v 0.004 £ 0.001  0.06 + 0.005 -

Cr 0.022 £0.002 0.04 £0.005 0.03 £ 0.001
Mn 0.2+0.02 0.3+0.02 0.5+0.04
Fe 1.4+0.10 5.8 +0.2 2.3+0.10
Co 0.003 £0.001 0.09+0.01 0.03 +£0.002
Ni 0.005 + 0.001 - 0.01 £ 0.002
Cu 0.1 £0.01 0.5+0.04 0.5 +0.05
Zn 0.1 £0.02 32+02 0.06 + 0.05
Rb 0.02+0.002 0.04 £0.004 0.02+0.001
Sr 0.01 £0.001  0.04 £0.004 0.02 +0.001
Zr 0.006 £ 0.002 0.07 +£0.005 0.01 +0.002
Nb 0.01 £0.002  0.07+£0.005 0.03 +0.001
Ag 0.01 £ 0.002 0.1+£0.02 0.01+0.001
Sn - - 0.5+0.02
Cs - - 0.1 £0.01
Ba - 0.7 £ 0.005 -

Ta 0.004 £0.001  0.09 +0.01 -

4 0.01 £ 0.002 02+0.02 0.02+0.002
Pb 0.01 £0.001  0.05+0.005 0.03 +0.003

Note: Bold values indicate elements present at concentrations >5%. Values represent mean + standard deviation (n = 3).

3.1.4. Morphological characterization

SEM analysis showed that RHB exhibited a very porous
structure, with several pores falling within the 10-100 pm range
(Figure 8a), caused by evaporation of volatile materials during
pyrolysis [12, 46]. CHB micrographs (Figure 8b) revealed a
less heterogeneous surface compared to RHB. CHB also had
rough textures, with pores in the 10—-100 pm range. These fea-
tures indicate the potential capability of the materials for PHC
removal through increased sorption sites. The surface of CRC
was irregular (Figure 8c), likely because of plant fibers and
undigested materials.

3.1.5. Functional group analysis

FTIR analysis showed different functional groups in the
three amendments. In RHB, a broad band at 1084.7 cm™! asso-
ciated with Si—O-Si or Si—O-C stretching indicated silica (Fig-
ure S3, Supplementary material). A weak band at 3634.2 cm™!
for —OH stretching suggested low moisture content, which dif-
fers from water-washed biochar that usually has broad —-OH

peaks [47]. The presence of C=C stretching (1587.8 cm™~') and
Si—O-Si confers chemical stability on RHB, allowing it to func-
tion as a sorbent in contaminated soils [48, 49].

The spectrum of CHB exhibited a weak band at 3533.5
cm™! (-OH stretch) and 3153.3 cm™! (N-H stretching) from
proteins in cow horns. C-O (1167.7 cm™) and C=C stretches
(1461.8, 741.7 and 693.3 cm™') suggest aromaticity [50]. The
N-H stretch suggests the availability of nitrogen from keratin
decomposition, which can supplement microbial enzyme syn-
thesis during hydrocarbon degradation.

CRC, on the other hand, showed a characteristic -OH peak
at 3261.4 cm™! and C=0 stretching (1636 cm™') of conjugated
ketones or amides [51]. The —OH and C=0 groups may stim-
ulate microbial communities by aiding moisture retention and
providing essential nutrients [52]. These groups indicate capac-
ity for hydrogen bonding with polar hydrocarbon fractions and
nutrient release, both of which favor microbial activity. Follow-
ing characterization of the amendments, their remediation effi-
ciency when applied to PHC-contaminated soil was assessed.
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Table 2: Oxide composition of RHB, CHB and CRC.

Component RHB (%) CHB (%) CRC (%)
Si0, 67.3+1.3 11.2 + 0.4 11.3 £ 0.5
V,05 0.007 + 0.001 0.1 £0.01 -
Cr,03 0.03 £0.004 0.05+0.005 0.04 +0.005
MnO 0.2 +£0.02 0.3 +£0.02 0.7 £0.05
Fe, 03 1.9+0.1 8.3+0.2 33+0.15
CoO 0.004 + 0.001 0.1 +£0.01 0.04 + 0.004
NiO 0.007 + 0.001 - 0.02 + 0.002
CuO 0.1 £0.02 0.7 £0.05 0.6 £0.05
Nb,Os5 0.02 + 0.002 0.1 +£0.01 0.05 + 0.005
WO; 0.02+0.002 0.2+0.002 0.02 +0.002
P,0s5 14.7 £ 0.5 23+0.1 1.6 £ 0.08
SO; 0.6 +0.05 30.2 + 0.5 29+0.2
CaO 45+0.2 17.3 £ 0.5 27.0 + 0.5
MgO - - -

K,0 7202 25+0.1 37.6 £ 0.5
BaO - 0.8 +£0.05 -
Al,O3 1.1 +£0.05 9.7 £0.3 12.3 £ 0.5
Ta,O5 0.004 + 0.001 0.1 £0.01 -

TiO, 0.2 +0.02 1.7+ 0.1 1.6 + 0.1
ZnO 0.2 +£0.02 39+0.2 0.07 £ 0.005
Ag,0 0.014 £0.002 0.2+0.02 0.01 £0.002
V4(0)) 0.008 + 0.001 0.1 £0.01 0.02 + 0.002
SnO, - - 0.6 £0.05
PbO 0.014 £0.002 0.06 £0.005 0.04 £ 0.004
Rb,O 0.017 £0.002 0.06 +0.005 0.02 +0.003
Cs,0 - - 0.1 £0.01
SrO 0.013 £0.001 0.05+0.005 0.02 +0.002

Note: Bold values indicate compounds present at concentrations >5%. Values represent mean + standard deviation (n = 3).

Plot of results

SAMPLE 120250131_143038_G01_S01_MO01

I\ Graphite : 65(6)%
I Quartz : 18(7)%
I Osumilite : 17(4)%

Table of results

Dataset / Weight Fraction, wt% Value, Unit Graphite Quartz Osumilite
SAMPLE 1_20250131_143038_G01_S01_M01 0 65(6) 18(7) 17(4)

Figure 4: Quantitative phase analysis results (RIR method) for rice husk biochar.

3.2. Remediation performance
Degradation of PHCs in soil is often characterized by an
6 initial rapid breakdown followed by a slower phase [53]. The
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Plot of results

SAMPLE 220250131_143038_G02_502_M02

h Graphite : 56(3)%
I Quartz : 42(4)%
I\ Osumilite : 2.0(6)%

Table of results

Graphite
56(3)

Dataset / Weight Fraction, wt% Value, Unit

SAMPLE 2_20250131_143038_G02_S02_MO02 0

Osumilite
2.0(6)

Quartz
42(4)

Figure 5: Quantitative phase analysis results (RIR method) for cow horn biochar.
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Figure 6: XRD of cattle rumen content showing identified phases.

results presented in Table 4 show that all amendments enhanced
TPH degradation relative to unamended controls. Two-way
ANOVA indicated that TPH reduction depended on application
rate and amendment type. The unamended control recorded
TPH reductions of 76.0% and 78.4% by days 30 and 60, re-
spectively. These high removal percentages are attributable to

volatilization of lighter hydrocarbon fractions (Cg—C;s), a pro-
cess that is pronounced in freshly contaminated soils [54, 55].
Additionally, incomplete sorption equilibrium at 14 days means
that hydrocarbons persist in more bioavailable forms than in
oil-weathered field soils [56, 57]. A 32.8% natural degra-
dation of TPH in field-contaminated soils was reported [12],
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Plot of results

SAMPLE 320250203_120619_G01_S01_M01

Phys. Sci. 8 (2026) 3388

I\ Chaoite : 2839)%

I Urea, syn: 18(23)%

I Silicon Oxide : 14(20)%

I Aluminum Phosph.. : 24(20)%
h Mascagnite : 12(18)%

I\ Marialite : 3(12)%

Table of results

Dataset / Weight Fraction,...
SAMPLE 3_20250203_1206...

Chaoite
28(39)

Value, Unit
0

Urea, syn
18(23)

Silicon Oxide
14(20)

Marialite
3(12)

Aluminum Phosphate  Mascagnite
24(20) 12(18)

Figure 7: Quantitative phase analysis results (RIR method) for cattle rumen content.

Table 3: Surface area and porosity of biochar materials and cattle rumen content.

Method Parameter RHB CHB CRC  Remark

Multipoint BET ~ Surface area (m? g™!) 254.9 356.0 185.9  Used for determination of total surface area
DFT DFT pore volume (cm?® g7')  0.07386  0.09233  0.046  CHB is more porous than RHB and CRC

DFT DFT pore diameter (nm) 2.547 2.647 2.647  Both biochar materials and CRC are mesoporous
pH meter pH 722 7.17 7.29 Compatible with soil microorganisms

(a) RHB

(b) CHB

(c) CRC

Figure 8: Micrographs of (a) RHB at 3000, 89.5 um; (b) CHB at 3000%, 89.5 um; and (c) CRC at 2000x, 179 pm.

indicating that a 14-day aging period may be insufficient to
replicate weathering dynamics of long-term field-contaminated
soils. Future studies should employ field-contaminated soils to
better replicate long-term sequestration dynamics.

3.2.1. Biochars

RHB exhibited dose-response performance on day 60: TPH
degradation increased from 79.2% at the 5% amendment rate
to 94.2% at the 20% amendment rate. This observation is sup-

ported by RHB’s porous structure (Figure 8), large surface area
(Table 3) and functional groups that confer chemical stability,
aligning with earlier studies [12, 58]. Although RHB has been
reported to enhance PHC degradation in soil, its effectiveness
can be constrained by nutrient availability [4].

The remediation efficiency of CHB increased with increas-
ing application rate. The 20% treatment attained maximum
TPH reduction of 92.6% on day 60, significantly different from
the lower application rates (p < 0.05). This dose-response rela-
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Table 4: Changes in residual TPH concentrations in petroleum-hydrocarbon-contaminated soils with time.

Amendment Amendment rate (%) Time interval Reduction (%)
Day 30 Day 60 Day 30 Day 60
RHB 0 3132+02 281.9+05 76.0¢ 78.44
5 3253+0.8 2715+18  75.1¢ 79.2¢
10 2236+1.5 1544+22 829¢ 88.2"
15 1748 +15 1047+1.7 86.6° 91.9¢
20 241.5+1.0 759+1.3 81.5¢ 94.24
CHB 0 3132+ 1.0 281.9+08 76.0¢ 78.4¢
5 3536+ 1.5 258720 7297 80.2¢
10 261.3+15 1596+15 80.0¢ 87.8"
15 2193+2.0 1279+18 83.2¢ 90.2¢
20 1294+12 971+14 90.1¢ 92.6¢
CRC 0 3132+0.8 281.9+05 76.0¢ 78.4¢
5 3338+1.2 577+19 74.5¢ 95.6¢
10 78615 232+1.0 93.9¢ 98.2¢
15 1919+ 1.8 159.5+2.1 85.3% 87.8"
20 1346+ 1.0 48112 89.7¢ 96.3¢
Different letters within the same column indicate significant differences at p < 0.05.
o (a) RHB (b) CHB (c) CRC
T 10
o —@— Day 30
S 9 Day 60
X
= 8]
9]
g7
5 o
§ (I) é 1I0 1I5 2IO (I) '_:3 1I0 1I5 2I0 (I) EIS 1I0 1I5 2IO
z Application rate (%) Application rate (%) Application rate (%)

Figure 9: Hydrocarbon-utilizing bacterial (HUB) counts in (a) RHB-amended soils, (b) CHB-amended soils and (c) CRC-amended

soils at varying application rates.

tionship, which mirrors RHB, corroborates the observed trend
that biochar efficiency increases with application rate. The
relatively lower remediation performance of CHB compared
to RHB at equivalent application rates may reflect feedstock-
related differences in carbonization efficiency [59], as evi-
denced by its lower graphite content, despite its higher sur-
face area. To the best of our knowledge, this is among the
first studies to evaluate pyrolyzed cow horn specifically for
petroleum hydrocarbon remediation, and direct performance
comparison remains limited. The remediation performance ob-
served is, however, consistent with cow horn powder studies
for hydrocarbon-remediated soils [29]. Overall, the results sup-
port biochar-amended remediation strategies, offering a low-
cost and sustainable approach to managing PHC-contaminated
soils.

3.2.2. Cattle rumen content

CRC amendments demonstrated the most effective reme-
diation performance but exhibited a dose-response pattern dis-
tinct from the biochars. Unlike RHB and CHB, which exhib-
ited dose-response relationships, CRC demonstrated a nonlin-
ear pattern: TPH reduction peaked at the 10% application rate
(98.2%) and declined at both lower and higher rates.

The better performance of CRC at its optimal application
rate (10%) compared to biochars at their optimal application
rate (20%) can be explained by their inherently different reme-
diation mechanisms. Biochars immobilize hydrocarbons pri-
marily by sorption onto their high-surface-area carbon matrices,
whereas CRC operates mostly through nutrient supply and mi-
crobial inoculation (biostimulation). CRC is rich in potassium,
which acts as a key nutrient in stimulating and enhancing mi-
crobial metabolism in PHC-contaminated soils [15, 60]. How-
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ever, microbial inoculation predominates, as indicated by the
elevated HUB counts in CRC-amended soils (Section 3.2.3).

The reduced performance of CRC at higher application
rates (15-20%) is consistent with previous reports that excess
organic inputs disrupt the balance of soil microbial communi-
ties, favoring general heterotrophs over hydrocarbon degraders.
Under such conditions, microorganisms tend to preferentially
consume labile organic substrates rather than petroleum hydro-
carbons [61, 62].

3.2.3. Hydrocarbon-utilizing bacteria population

Figure 9 presents the HUB counts in the studied soils. RHB
showed an increasing HUB count with increasing application
rate, peaking at 7.0 x 10° CFU g~! at the 15% and 20% ap-
plication rates on day 60. CHB had its highest day 60 HUB
count at the 20% application rate (9.7 x 10> CFU g~!), while
CRC peaked at the 10% application rate with a HUB count of
8.6 x 10° CFU g1

Unamended soils had relatively high bacterial counts but
lower TPH removal than some amended soils. This is likely be-
cause hydrocarbons serve as a source of carbon, allowing mi-
crobial growth to continue in contaminated soils even in the
absence of considerable degradation activity [63].

Total HUB counts, as determined by the spread plate
method, do not distinguish between specialized hydrocarbon-
degrading bacteria and general heterotrophs capable of growth
on hydrocarbon media [64]. Hence, the higher counts in control
soil may reflect general heterotrophs with limited hydrocarbon-
degrading capability, while amended soils likely harbored a
higher proportion of specialized hydrocarbon-degrading bacte-
ria. The use of 16S rRNA gene sequencing, which would pro-
vide definitive characterization of the microbial community, is
recommended for further studies.

Overall, the dose-response increase observed in most
amendments for both bacterial population and TPH removal
indicates that biochar created favorable conditions for micro-
bial activity and hydrocarbon degradation. It has been reported
that biochar could stimulate microorganisms to degrade car-
bon substrates in petroleum [65, 66], while rice straw biochar
was reported to increase hydrocarbon degradation efficiency, at-
tributed to a higher percentage of Acidobacteria-related genera

[11].

4. Conclusion

Rice husk, cow horn and cattle rumen content are waste ma-
terials commonly disposed of by landfilling or open burning.
Converting these waste materials to low-cost soil amendments
helps tackle waste disposal and land degradation. Cow horn and
cattle rumen are especially promising in this regard, since they
are both routinely discarded after cattle processing with limited
reuse options.

In this study, the potential of converting agricultural-derived
biochars (RHB and CHB) and abattoir waste (CRC) into
amendments for the remediation of petroleum-hydrocarbon-
contaminated soils was investigated. The three materials dif-

10

10

fered considerably in their compositional and structural prop-
erties, and these differences were reflected in their remedia-
tion performance. Elemental and oxide composition of the
amendments likely contributed additional degradation path-
ways through nutrient-assisted microbial stimulation. Graphite
was the dominant crystalline phase in RHB and CHB, while a
chaoite-like phase was tentatively detected in CRC. Before any
conclusions can be made, this observation must be confirmed
using Raman spectroscopy and HRTEM because of the limita-
tions of XRD for rare carbon allotropes.

RHB and CHB showed TPH reductions of 94% and 93%,
respectively, at the 20% application rate. This enhanced reme-
diation over 60 days was due to their large surface areas and
porous structures, which favored contaminant sorption. Con-
versely, CRC attained a 98.2% reduction in TPH at a lower ap-
plication rate of 10%. The increased HUB count observed at
this rate suggests microbial stimulation as an underlying mech-
anism for TPH breakdown.

Since this study used artificially spiked soil aged for 14 days
under laboratory conditions, its direct applicability to field-
contaminated sites where PHCs are more sequestered remains
to be established. The 14-day aging period is acknowledged as
a study limitation; longer aging or the use of field-contaminated
soils in future works would provide a more realistic assess-
ment of remediation potential. Future work should build on this
study by investigating the mechanisms underlying CRC perfor-
mance at low application rates. Furthermore, co-application of
biochars and CRC at optimized ratios also warrants investiga-
tion, particularly with regard to long-term amendment stability
and the risk of contaminant re-release.
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