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Abstract

Biochars, compared to other soil amendments, possess inherent properties such as high porosity, large
specific surface area, abundant functional groups, and environmental safety, making them highly effective
for remediating contaminated soils. This study aimed to investigate the kinetics of total petroleum
hydrocarbons (TPH) degradation in contaminated soil under the influence of two types of biochar, namely
wheat straw biochar (WSB) and spent mushroom substrate biochar (SMSB), applied at different rates. The
experiment was conducted in a completely randomized factorial design with three factors: biochar type
(two levels), biochar application rate (five levels: 0, 10, 20, 30, and 50 g kg™"), and incubation time (six
levels: 6, 12, 18, 24, 42, and 60 days), each in triplicate. Total petroleum hydrocarbons and microbial
respiration were measured at defined intervals, and data were analyzed using R software (version 4.5).
Two-way ANOVA results showed that biochar treatment, incubation time, and their interaction had
significant effects on both TPH concentration and microbial respiration (p < 0.001). The degradation
potential and reduction in TPH were evaluated using first-order and second-order kinetic models. For wheat
straw biochar treatments, both models provided good fits with NRMSE < 5% and Rz > 0.94, indicating
reliable performance. In contrast, for SMS biochar, the models fitted well at lower application rates,
whereas higher doses showed less accurate fitting, likely due to complex sorption—degradation interactions.
Overall, the results demonstrated that biochars, particularly SMS biochar, significantly enhanced the
biodegradation rate of TPH and reduced its half-life in contaminated soils. Therefore, biochar application
can be considered an effective, sustainable, and eco-friendly strategy for improving soil quality and
mitigating petroleum hydrocarbon pollution
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Table 1. Some physical and chemical properties of studied soil

Parameters Unit Soil sample
Soil Texture - Loam
Sand % 51
Silt % 35
Clay % 14
F.C % 28
CEC Cmolckg? 7.4
pH - 75
EC dS.m? 3.4
ocC % 2.93
Total N % 0.31
Available P mg.kg* 29.7
Available K mg.kg? 213
TPH mg.kg 24111.7
Microbial respiration mg CO..g'day* 0.14
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Table 2. Some chemical properties of WS and SMS biochar produced under 300 °C
Parameters Unit Wheat Straw biochar Spent Mushroom Substrate biochar
CEC Cmolc.kg? 61.2 28.5
pH - 8.5 7.4
EC dS.m* 5.32 7.21
C % 48.9 235
N % 0.42 1.8
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Figure 1. Amount of total petroleum hydrocarbons (TPH) (mg/kg) during a 60-day incubation period at different
levels of WS and SMS biochar application in contaminated soil
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Figure 2. Amount of microbial respiration (mg CO,/g day) during a 60-day incubation period at different levels of
WS and SMS biochar application in contaminated soil
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Figure 3. TPH removal (%) during a 60-day incubation period at different levels of WS and SMS biochar application
in contaminated soil
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Table 3. Results of two-way ANOVA for the effects of biochar treatment, incubation time, and their interaction on
total petroleum hydrocarbons (TPH) and microbial respiration (MR)

df SS (Sum sq) Ms (Mean Sq) F p-value

TPH

Treatment 1.8 E+9 235040697 136265 <2E-16""
Time 1E+9 211541439 122641 <2E-16""
Treatment x Time (Interaction) 40 2.7E+8 6899560 4000 <2E-16""
Residuals (Error) 126 2.1E+5 1725 - -

MR

Treatment 8 1.07 0.133 3914.6 <2E-16"""
Time 5 0.46 0.092 2713.9 <2E-16""
Treatment x Time (Interaction) 40 0.15 0.003 110.8 <2E-16""
Residuals (Error) 126 0.004 0.00003 - -

*““indicates highly significant difference at p < 0.001
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Table 4. First-order (ki) and second-order (k») kinetic function constants and contaminant half-life (t;) in soil at

different levels of WS and SMS biochar application in contaminated soil

a;;ﬁggt?(rm Wheat Straw Biochar Spent Mushroom Substrate Biochar
levels
(g kg™ RZ  NRMSE k t12 (day) R? NRMSE k ty2 (day)
I';irf]zttgdef 0 094 09 17E4 408 094 09  17E4 408
model 10 0.96 5 56 E-4 124 0.92 7.8 67 E-4 103
20 0.97 3.1 46 E-4 151 0.96 10.8 96 E-4 72
30 0.98 25 35E-4 198 0.94 152  128E-4 54
50 0.98 1.9 25E-4 277 0.93 19.3 162 E-4 43
Second
order kinetic 0 0.97 0.8 8 E-8 518 0.95 0.8 8 E-8 518
model 10 0.97 2.9 3E-7 138 0.97 4.2 4 E-7 103
20 0.98 3.5 2 E-7 207 0.98 5.2 6 E-7 69
30 0.98 1.2 2 E-7 207 0.97 6.5 9E-7 46
50 0.98 2.4 1E-7 414 0.97 68.5 1E-6 414

Ol S gshe )0 pd aiye g Jsl e o Joe
slo e Ll wims e ol Jsd b5 NRMSE lzss,
TPH ialS aig; yime g (505 chogd 4y 1018 ool Sl
Sl arg b W SMS g 95 (VL zolaw 5o
OBl g 009 goslu g (B3lp 2 ogdle Jol ad e Joo
adsl cbale 4 (Soly 9 1) pecdens e sl
ot ) lie ;5 ol 4 e e (sl 3gs oS oo wal

(F 5% ol

¥f

Al (St sladoe (Biln cdsST L)l sl
4 Coms Wb NRMSE s .08 dewlxe NRMSE
Glho due Oy a4 4 w0l plxl bosls wxly 5 uliie
Vel 3g0> 5| ;S NRMSE  axili> (Hodson, 2022)
Sgse 48,5 Sl 55 Joud JB g 9> S (3l il
«(F) Jgaz b 3illas Lol asllas ,o (Taheri et al,, 2025)
p9d aye 5 Jol ape S 95 ;0 WS slojles sl
a5 wasls +/AF 51 5YL R2 5 0/ 5l 7S NRMSE
SMS ‘_gLQ:)Lo.u 6‘,» o J}JJ.:[S U’“’)‘)" OMQUL.M.:



VED s o) oles OF al

S 60,5 Sladss

Time (day)
30 40

0 10 20 50 60 70
° o S ———
—0
y =-0.0017x - 0.0042
e R2 = 0.9444
0.3
y =-0.0067x - 0.0676
_ @ Re=0.9217
9
S 0.6 y =-0.0096x - 0.0983
= R2=0.9651
y =-0.0128x - 0.133
-09 Rz =0.9437
Spent Mushroom Substrate Biochar o -0.0162x - 0.1662
R2=0.9309
1 00% ©10% 20% 30% @50%
Time (day)
0 10 20 30 40 50 60 70
0 4
y =-0.0017x - 0.0042
0.1 R2 =0.9444
y =-0.0025x - 0.0189
R2=0.9866
0.2
G y =-0.0035x - 0.0228
5 R2=0.987
=-03 y =-0.0046x - 0.0298
R2=0.9796
®
04 Wheat Straw Biochar y =-0.0056x - 0.0444
’ R2=0.9645
®0% ©10% ®20% ©30% ®50%
0.5

oS 9 ol Hlar g 00,15 aliso Zalaw 0 (ygamligSSl 95 Fr 0590 (b S5 (S Slo (2255 950 AL Jgl )0 S Jue -F S
009l S5 50 3 iy Ll 9 puiS
Figure 4. First-order kinetic model TPH reduction during a 60-day incubation period at different levels of WS and
SMS biochar application in contaminated soil
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