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Abstract

The potential of sewage sludge-derived biochar and humus mixtures for attenuation of polycyclic aromatic hydrocarbons 
(PAHs) in crude oil contaminated soil was evaluated. Laboratory-scale experiments involving ultisol samples spiked with 
crude oil, sewage sludge-derived biochar, and mixed biochar with humus sediment were monitored for removal of PAHs 
at the intervals of 1, 6, and 12 months. The results revealed that out of the three biochar products obtained at di�erent 
pyrolysis temperatures: 500, 700, and 900 °C (designated BC500, BC700, and BC900, respectively), BC700 recorded desir-
able properties and acceptable levels of PAHs suitable for soil amendment. Characterisation of the mixture for functional 
groups using Fourier transform infrared spectroscopy (FTIR) and surface morphology using scanning electron microscopy 
(SEM) revealed the presence of oxygenated and nitrogenated species that could support mineralisation of PAHs, increased 
surface area as well as pores to aid pollutant adsorption. The study revealed that the derived mixture demonstrated the 
potential to reduce the level of PAHs in contaminated soil. About 70% maximum reduction in the levels of total PAHs was 
recorded within 1 month for soil treated with the derived mixture in comparison to the control experiment.
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1 Introduction

Treatment and reuse of wastes evolved as a way of solving 
the challenges of overpopulation and depleting material 
resources. Sewage sludge is a by-product of wastewa-
ter treatment. In many developing countries, a common 
method for the disposal of sewage and sewage sludge is 
land�lling and discharge into surface waters. These dis-
posal methods result in gross contamination of the envi-
ronment that may consequently lead to the spread of 
enteric diseases. According to Beecher [1], it is estimated 

that if some developing countries were to attain the lev-
els of wastewater treatment obtained in developed coun-
tries, sewage sludge production (in metric tonnes) would 
be 2,852,972 (Nigeria); 4,069,339 (Brazil); 375,191 (Cam-
eroon); 1,617,928 (Ethiopia); 21,596 (Hungary); 956,062 
(South Africa); and 1,523,506 (Turkey). Whereas, for some 
developed countries, the values of sewage sludge produc-
tion (in metric tonnes) are 2,966,000 (China); 2,000,000 
(Japan); 550 (Canada), 6,514,000 (USA); 2,000,000 (Ger-
many); 1,500,000 (UK); and 1,500,000 (Netherlands). High 
sewage sludge volumes in developed countries are related 
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to high population size and availability of sewage treat-
ment infrastructure. However, the handling of sewage 
and sewage sludge still remains a serious challenge in 
most urban cities globally [2–5]. This becomes more com-
plicated because of stricter environmental regulations 
guiding the handling and disposal of sewage sludge and 
its e�uents in those countries. The incineration method 
was later devised for the treatment of sewage sludge, 
but this is usually achieved at a very high cost [6]. Yet, an 
environmentally sustainable handling method has been 
suggested which incorporates ecological, economic, and 
social responsibilities [7]. In the current paradigm, materi-
als utilisation and recovery are emphasised.

Furthermore, there is no single solution to the envi-
ronmental and energy problems associated with sew-
age (sludge) management, thus leading to the advent 
of sustainable alternatives for waste materials utilisation. 
Examples of these include the utilisation of sludge wastes 
for the production of energy [8, 9], building materials [4], 
fertilisers and soil conditioners [10], feedstock for the pro-
duction of novel adsorbents for pollution reduction and 
metal extraction [11], amongst others. Another bene�cial 
way of utilising sewage sludge is to valorise it into use-
ful materials such as activated carbon [6] or biochar [12] 
for the remediation of pollutants. Sludge when pyrolysed 
produces a carbonaceous residue called biochar. The 
biochar, owing to its aromatic nature, high surface area, 
cation exchange capacity (CEC), micropore volume, and 
the presence of multi-functional polar groups serve as a 
good sorbent for pollutant adsorption as well as carbon 
dioxide sequestration [13, 14].

Crude oil and its derived products constitute many 
organic contaminants that could pose human and envi-
ronmental health risks during spill events. Polycyclic aro-
matic hydrocarbons (PAHs) are amongst the most impor-
tant class of crude oil-derived organic contaminants which 
are known to be persistent and classi�ed as possible car-
cinogens. Remediation of sites contaminated with PAHs 
still receives wide attention by scientists and engineers in 
recent times because of stricter environmental regulations 
and the need to maintain healthy ecosystems. Soil amend-
ment with di�erent substrates and materials have been 
developed and applied to remediate sites contaminated 
with PAHs. Direct application of sewage sludge for reme-
diation of contaminated sites is possible, but there are 
concerns that the sewage sludge may increase the levels 
of contaminants or introduce other types of contaminants 
such as trace metals [12]. Examples of these substrates and 
materials reported include organic fertilisers, microbial 
consortia, biochar, and bulking agents, amongst others 
[15–17].

Recently, great attention has been drawn towards the 
use of valorised waste biochar for remediation of PAHs 

and other organic contaminants in soils [14, 18–22]. The 
motivation lies in the need for resource recovery for sus-
tainable environmental remediation [23, 24]. Similarly, the 
role of humus substances on the fate and distribution of 
PAHs in soils has been evaluated [25–33]. However, under 
certain environmental conditions such as excess crude oil 
spills and soil characteristics, it is still unclear how humus 
substances and biochar interact with and/or in�uence the 
distribution of PAHs. Our previous reports highlighted the 
peculiarity of site-speci�c remediation approaches, espe-
cially in developing countries, and the need for sustainable 
methods [34, 35]. Furthermore, most studies focused on 
single or binary contaminant media; whereas, practical 
situations encountered often involve the complex mix-
ture of contaminants such as crude oil spills which could 
contain multiple suits of PAHs [36]. In our recent study, we 
reported the possibility of a complementary role of humic 
substances in achieving low levels of PAHs in a freshwa-
ter tropical river sediment under medium anthropogenic 
stress [37]. However, as sediment mud�ats may not be 
a renewable resource for remediation, we attempted to 
engineer, in the present study, a mixture combining both 
humus sediment and biochar obtained from sewage 
sludge. The objective was to evaluate the e�ect of humus 
sediment slurry on PAH distribution in sewage sludge-
derived biochar amended tropical ultisol under excess 
crude oil inoculation.

2  Materials and methods

2.1  Materials

Sewage sludge samples for the preparation of biochar 
were collected in May 2016 from a Sewage Treatment 
Plant (STP) located in Port Harcourt City, Nigeria. Appro-
priate permissions were obtained from the responsible 
authorities operating the STP before sampling com-
menced. The sewage treatment plant is operated based 
on the activated sludge process. There are no chemicals 
added during treatment, and the wastes are aerated to 
allow microbial proliferation. The plant is designed to treat 
about 180 m3 of sewage per day and industrial wastewa-
ters are not treated with the sewage. The plant is oper-
ated at a 24-h residence time. Oxygen from atmospheric 
air is utilised as the active oxidising agent. The activated 
sludge is thereafter allowed to settle after several aera-
tions, to biodegrade over 70% of the organics. This is fol-
lowed by sedimentation with a residence time of 4 h and 
later transferred to a sludge holding tank where it is held 
for more than 21 days. During this period, more organics 
are transformed and degraded. The produced sludge is 
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then drained and bagged. It was the drained and bagged 
sludge samples that were collected for use in this study.

The Bonny Light crude oil samples for simulation stud-
ies were collected between May 2016 and January 2017 
from the Production Chemistry Department of Shell Petro-
leum Development Company of Nigeria, Port Harcourt. 
The crude oil samples were collected directly from well-
heads of land production areas in the Niger Delta region 
without prior treatment. These samples were stored in 
cool dry conditions prior to use for experimental work. 
Surface soil (0–10 cm) samples for simulation studies were 
collected using stainless steel hand trowel between May 
2016 and August 2018 from the Botanical Garden of the 
Department of Botany & Ecological Studies, University of 
Uyo, Nigeria with no incidence of crude oil contamination. 
Soils of this study area are generally acidic (pH range = 3–5) 
and classi�ed as tropical ultisols based on previous stud-
ies [38–40]. Fresh soil samples were collected during each 
stage of the experiment. Humus sediment samples were 
collected from Eniong River located at Okopedi-Itu in Itu, 
Nigeria. The sediment samples have been well character-
ised in our previous reports for humic acid content [41], 
organic carbon content as well as its e�ects on PAH accu-
mulation [37]. Freshly collected samples (1 week maxi-
mum) were used during simulation studies.

2.1.1  Biochar preparation from sewage sludge

The sewage sludge biochar was prepared under controlled 
conditions by pyrolysis of air-dried sewage sludge sam-
ples at three di�erent temperatures: 500, 700, and 900 °C 
represented by BC500, BC700, and BC900, respectively. 
The biochar was prepared by pyrolysis under oxygen-
limited conditions using a mu�e furnace (Carbolite, Shef-
�eld, UK). To ensure limited oxygen condition, the mu�e 
furnace was purged with nitrogen for 5 min at the rate 
of 3 L/min and then sealed. Before sealing o� the reac-
tion chamber, the sewage sludge feedstocks of adequate 
amounts were loaded in a wire mesh basket suspended in 
a sealed stainless-steel vessel with a perforated lid inside 

the mu�e furnace. The pyrolysis was carried out for 1.5 h 
[42]. The heating rate employed was 5 °C/min [43]. Thereaf-
ter, the pyrolysed products (biochars) were removed from 
the mu�e furnace and placed in a desiccator to cool. The 
biochars were then weighed and stored in plastic contain-
ers before use.

2.1.2  Preparation of biochar-humus mixtures

Materials used for the preparation of the biochar-humus 
mixture include the prepared biochar, humic acid (Sigma 
Aldrich, UK), humus sediment from Eniong River, and 
deionised water. Water content was maintained at 5% 
(w/w) throughout the experiment. The percentages of the 
other materials were determined at di�erent stages of the 
experiments, using the elimination method. This was done 
in order to determine the optimum amount that would be 
required for high PAH attenuation e�ciency.

2.1.3  Soil microcosm experiment

In detail, a batch experiment described by Li et al. [44] was 
adopted for the simulation studies. The �rst stage of the 
experiment comprised eight (8) soil samples and the mix-
tures of di�erent proportions of humic sediment, crude 
oil, biochar, and commercial humic acid as presented in 
Table 1. The samples were stored under room temperature 
in an open top wooden box with perforated bottom.

The soil samples prior to use for simulation studies were 
air-dried, homogenised, and sieved (2 mm) to remove 
plant debris. This was followed by spiking of a speci�ed 
level (120 mL) of crude oil samples (to achieve 2.9% con-
tamination) and stirring. Then, samples were allowed to 
equilibrate for 24 h before adding the biochar-humus 
mixtures and 5% (w/w) deionised water and stirred until 
all the substances mixed to form a semi-slurry. The abbre-
viation HSBC was used to denote the mixture of humus 
substances and the biochar. The �rst batch of the experi-
mental set-up as detailed in Table 1 was monitored for 
PAHs for 1, 6, and 12 months. Soil sample without crude 

Table 1  Contaminated soil 
and the composition of 
amended biochar used for soil 
remediation

HA humic acid, HS humic sediment, Biochar obtained at 500 °C pyrolysis temperature

S/N Sample code Composition

1 A Blank: Soil (4 kg) + crude oil (120 mL)

2 B Soil (4 kg) + crude oil (120 mL) + HA (5 g)

3 C Soil (4 kg) + crude oil (120 mL) + biochar (5 g)

4 D Soil (4 kg) + crude oil (120 mL) + HS (5 g)

5 E Soil (4 kg) + crude oil (120 mL) + HA (5 g) + HS (5 g)

6 F Soil (4 kg) + crude oil (120 mL) + biochar (5 g) + HA (5 g)

7 G Soil (4 kg) + crude oil (120 mL) HS (5 g) + biochar (5 g)

8 H Soil (4 kg) + crude oil (120 mL) + HS (5 g) + HA (5 g) + biochar (5 g)
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oil contamination was also analysed to serve as a control. 
All experiments were run in triplicates but analysed as 
composites following standard guidelines applicable to 
quanti�cation of PAHs in soils [45–48].

2.1.4  Surface characterisation and Fourier 

transform-infrared spectroscopy

The determination of the surface functional groups was 
carried out using Fourier transform-infrared (FTIR) spec-
trophotometer (Fisher Thermoscienti�c, USA) following 
standard procedures. The spectra were recorded using 
KBr wafers in the range 4000–400 cm−1. The surface area 
and porosity analyses were carried out using micromet-
rics surface area and porosity analyser (Micromeritics 
Tristar 3000) by nitrogen adsorption method at −77 K. 
The surface area and pore volume were calculated by 
Brunauer–Emmet–Teller (BET) and t-plot methods, respec-
tively. Pore size analysis was carried out to determine the 
distribution of pores of the adsorbent.

2.1.5  Analysis of PAHs in samples

PAHs were monitored in the crude oil sample, sewage 
sludge, control soil sample contaminated with crude oil 
only, simulated soil with biochar, humic sediment, and 
commercial humic acid using the gas chromatography-
mass spectrometric method described previously by 
Qin et al. [13] and Cao et al. [49]. The analysis involved 
the quanti�cation of the 16 USEPA priority PAHs. Prior to 
instrumental analysis, samples were homogenised, air-
dried, and then sieved through a 100-mesh stainless sieve 
followed by Soxhlet extraction with dichloromethane as 
a solvent for 16 h. Crude oil samples were extracted by 
liquid–liquid extraction using a separatory funnel. The 
extracts were concentrated to a volume of 1 mL by rotary 
vacuum evaporation and solvent exchanged to n-hexane. 
The clean-up procedure was carried out with a glass chro-
matographic column packed with anhydrous sodium 
sulphate, and silica gel/alumina (1:1 w/w). The column 
was conditioned with 3 mL n-hexane and after the sam-
ples were loaded, the �rst fraction, containing aliphatic 
hydrocarbons, was eluted with 15 mL n-hexane and the 
second fraction, containing PAHs was collected by eluting 
sequentially with 30 mL n-hexane/dichloromethane (3:7 
v/v). The PAHs containing extracts were concentrated to 
about 2 mL by a rotary evaporator and then transferred 
to GC-MS amber vials and reduced to 1 mL by a gentle 
nitrogen stream. The recoveries, limits of detection (LOD), 
and quantitation (LOQ) have been previously reported 
[37]. All experiments were run in triplicates but analysed 
as composites following standard guidelines applicable to 
quanti�cation of PAHs in soils [45–48].

2.1.6  Determination of e�ect of humus mixtures 

on the attenuating (bio)agents in crude oil simulated 

soils

To determine the impact of biochar-humus sediment mix-
ture on the quantity of total heterotrophic bacterial count 
(THBC) and density of the hydrocarbon utilising bacteria or 
crude oil degrading bacteria (COB) in the soil samples, 1 g 
of each soil sample was serially diluted and plated in ster-
ile molten nutrient agar (Bacto) and modi�ed mineral salt 
medium [6 g  K2HPO4, 12 g NaCl, 6 g  KH2PO4, 6 g  (NH4)2SO4, 
2.6 g  MgSO4 · 7H2O. 0.16 g  CaCl2 · 2H2O, 7.5 g Agar/L] forti-
�ed with 1% crude oil, respectively, using the pour plate 
technique. The plates were allowed to set and incubated 
at room temperature (26 ± 1 °C) for 24 h. Samples were 
obtained at 6-day interval, and the process was repeated. 
Representative colonies that emerged following cultiva-
tion were quanti�ed and reported as  CFUg−1.

3  Results and discussion

3.1  Pro�le of PAHs in samples of raw sludge 
and biochar

The levels of PAHs in raw and pyrolysed sludge samples 
are presented in Table 2. The concentrations of individual 
PAH suite and Σ16USEPA-PAHs varied with treatment 

Table 2  Levels of PAHs in raw and pyrolysed sludge samples

Compound Levels (mg/kg)

Raw sludge BC500 BC700 BC900

Naphthalene (Naph) <0.001 0.24 0.02 0.02

Acenaphthylene (Acy) <0.001 0.01 BDL BDL

Acenaphthene (Ace) <0.001 0.03 BDL BDL

Fluorene (Flu) <0.001 0.06 0.01 0.01

Phenanthrene (Phen) <0.001 0.07 0.01 0.01

Anthracene (Ant) <0.001 0.17 0.02 0.02

Fluoranthene (Flt) <0.001 0.04 BDL BDL

Pyrene (Pyr) <0.001 0.03 0.01 0.01

Chrysene (Chry) <0.001 0.01 0.01 0.01

Benzo(a)anthracene (BaA) <0.001 BDL 0.01 0.01

Benzo(b)�uoranthene (BbF) <0.001 0.01 0.01 0.01

Benzo(k)�uoranthene (BkF) 0.005 0.01 0.01 0.01

Benzo(a)pyrene (BaP) <0.001 0.01 0.01 0.01

Dibenzo(a,h)anthracene 
(DbA)

<0.001 0.01 BDL BDL

Indeno(1,2,3-cd)pyrene 
(IndP)

<0.001 BDL 0.01 0.01

Benzo(g,h,i)perylene (BgP) <0.001 0.01 0.01 0.01

Σ16USEPA-PAHs 0.005 0.71 0.14 0.14
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temperature. Pyrolysis at BC500 increased the concen-
trations of naphthalene (Naph), acenaphthylene (Acy), 
acenaphthene (Ace), �uorene (Flu), phenanthrene (Phen), 
pyrene (Pyr), and chrysene (Chry) in sludge. The concentra-
tion of benzo(a)anthracene (BaA) was below the detect-
able limit in sludge pyrolysed at BC500 but increased after 
pyrolysis at BC700 and BC900 whilst dibenzo(a,h)anthra-
cene (DbA) level increased after pyrolysis at BC500. The 
total levels of PAHs ranged from 0.005 mg/kg in the raw 
sludge to 0.71 mg/kg in BC500, and 0.14 mg/kg in both 
BC700 and BC900.

As sewage sludge has the potential to contain PAHs, it 
was necessary to, �rst of all, characterise its contamina-
tion level and evaluate its suitability to be applied in this 
study. As shown in Table 2, the levels obtained indicate 
very low contamination. Of the 16 USEPA’s priority list of 
PAHs, it was only benzo (k) �uoranthene that was detected 
at 0.005 mg/kg. At this contamination level, the sewage 
sludge could be used with no concern for accumulated 
PAHs. However, caution must be taken as other organic 
and inorganic contaminants may be present in sludge. 
High pyrolysis temperatures (700–900 °C) tend to increase 
the high molecular weight (HMW) PAHs level in ash bio-
char (Table 2), though the levels recorded are still within 
permissible limits of 1.5 mg/kg for application on soil 
[50]. The levels were also within the recommended levels 
(<12 mg/kg) by the German Federal Soil Protection agency 
as reported by Yang et al. [51]. Again, according to Dunni-
gan et al. [52], the USEPA maximum limit of PAH in sludge 
before soil application is 6 mg/kg, and the results of the 
present study fell within the allowable range. Biochar pre-
pared at a moderate pyrolysis temperature (500–800 °C) 
seems ideal as many of the pathogens would have been 
destroyed [53]; however, some organic matter may still be 
retained with enhanced surface property for sorption of 
pollutants. The increase in PAHs levels of the biochar was 
expected as PAHs are also products of pyrolysis of biomass. 
And high-temperature pyrolysis tends to increase their 
concentrations in produced biochars.

In this study, we observed a reduction in PAH levels in 
biochar produced at higher pyrolysis temperature (900 °C). 
A similar observation was reported by Hale et al. [54] who 
found that PAH levels in biochar could decrease with an 
increase in pyrolysis time and temperature. The authors 
concluded that there was no clear pattern of how PAHs 
were bound to di�erent biochars based on their physico-
chemical properties. Given this disparity, it may be that at 
high pyrolysis temperature, PAHs tend to bind strongly to 
biochars, limiting their extraction with organic solvents 
[53]. The implication is that after application on soils, the 
binding a�nity reduces, making extractability and detec-
tion easy because the interaction of biochar with soil com-
ponents can promote PAH desorption. As a consequence, a 

higher concentration of PAHs was detected in soils treated 
with BC900 compared to BC500 and BC700 (Table 3). Fur-
thermore, Chen et al. [55] illustrated that at high pyrolysis 
temperatures the mechanism of PAH (Naph) interaction 
with biochars is controlled by adsorption, whereas the par-
tition mechanism dominates at low pyrolysis temperature.

3.2  Characteristics of raw and pyrolysed sludge

The results of the surface areas, pore characteristics, 
nitrogen adsorption-desorption isotherms, and pore 
size distribution of the pyrolysed sludge are presented 
in Table 4 and Fig. 1, respectively. The pyrolysed sewage 
sludge achieved the highest single-point surface area 
(25.05 m2/g), BET surface area (26.77 m2/g), Langmuir sur-
face area (111.95 m2/g), and t-plot external surface area 
(30.52 m2/g). On the other hand, the non-pyrolysed sew-
age sludge achieved the lowest single-point surface area 
(16.29 m2/g), BET surface area (17.99 m2/g), and t-plot 
external surface area (22.05 m2/g). The increase in sur-
face area of sludge after pyrolysis could be related to the 
release of volatile organics which led to the generation 
of pores in the biochar structure [56]. Generally, biochar 
produced at high pyrolysis temperatures tends to have 
high surface areas [53]. Lu et al. [57] obtained a similar 
BET surface area (24.73 m2/g) with the present work for 
a sludge-derived biochar obtained at 550 °C. In contrast, 
the BET surface area recorded in the present work is lower 
than those reported by Yao et al. [58]. The authors reported 
that sludge-derived biochar produced at 550 °C pyrolytic 

Table 3  E�ects of sludge pyrolysis temperature on the levels (mg/
kg) of PAHs 1 month after soil treatment

Compound BC500 BC700 BC900

Naphthalene (Naph) BDL BDL BDL

Acenaphthylene (Acy) 0.01 0.03 0.02

Acenaphthene (Ace) 0.02 0.02 0.05

Fluorene (Flu) 0.06 0.04 0.12

Phenanthrene (Phen) 0.27 0.14 0.45

Anthracene (Ant) 0.07 0.06 0.15

Fluoranthene (Flt) BDL 0.01 0.03

Pyrene (Pyr) 0.01 0.01 0.02

Chrysene (Chry) BDL BDL BDL

Benzo(a)anthracene (BaA) 0.02 BDL 0.03

Benzo(b)�uoranthene (BbF) 0.01 BDL 0.01

Benzo(k)�uoranthene (BkF) BDL BDL BDL

Benzo(a)pyrene (BaP) BDL BDL BDL

Dibenzo(a,h)anthracene (DbA) 0.01 BDL 0.02

Indeno(1,2,3-cd)pyrene (IndP) 0.02 BDL 0.03

Benzo(g,h,i)perylene (BgP) 0.01 BDL 0.01

Σ16USEPA-PAHs 0.51 0.31 0.94
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temperature had a relatively larger BET surface area above 
110.10 m2/g. In addition, Agra�oti et al. [59] also reported 
a larger BET surface area (90.0 m2/g) for sewage sludge-
derived biochar obtained at 500 °C. High surface areas 
and pores are known to support pollutant sorption and 
modi�cation of soil chemistry as well as microbial commu-
nities [53]. In addition, according to a report by Hale et al. 
[60], aging reduced sorption of pyrene, implying that the 
sorption process operates at a sub-particle level. Therefore, 
pyrolysed sludge (biochar) is expected to provide better 
sorption of PAHs than the non-pyrolysed sewage sludge.

The adsorption isotherm curves (Fig. 1a) showed hyster-
esis in the relative pressure (P/P°) range from 0.5 to 0.9. This 
indicated that their structures were uniform mesopores 
[61]. In addition, the shapes of the adsorption isotherms 
(Fig. 1a) correspond to Type IV based on IUPAC classi�ca-
tions [62]. This, according to the classi�cation, implies that 
capillary condensation is accompanied by hysteresis in the 
mesopores of the materials [63]. The isotherm pro�les indi-
cated that more pores exist in the pyrolysed sludge than 
the raw sludge and aged sample. The distribution of the 
micropores volume is shown in Fig. 1b. Similar pore size 
distribution is observed between the raw, aged and pyro-
lysed sludge centred at 2.5 nm (pore width). However, a 

higher volume of pores was achieved in pyrolysed sludge 
compared to non-pyrolysed samples. Pore accessibility 
and water retention ability are also considered as critical 
in�uencing factors that determine pollutants degrada-
tion [53]. The present study revealed the increase in pore 
size and number in the derived ash catalyst or biochar 
and is a pointer to its potential for enhanced degrada-
tion of organic contaminants by indigenous microbial 
communities.

The results of the scanning electron microscopy (SEM) 
of the fresh and pyrolysed sludge samples are presented in 
Fig. 2. The results reveal varying surface morphologies for 
the pyrolysed and unpyrolysed samples. Functional group 
characterisation of the pyrolysed sludge samples, humus 
sediment, and the mixture at di�erent temperatures are 
depicted in the FTIR spectra presented in Fig. 3. The sur-
face of the pyrolysed sludge at 500 °C was rough and het-
erogeneous with highly porous structures. This further 
con�rmed the �ndings of the adsorption isotherms results 
indicating that the prepared biochar is a mesoporous 
material with a higher surface area with internal pores 
compared to raw sludge. The pore structure is said to be 
an important property for initial sorption and degradation 
of organic pollutants such as PAHs [53].

Table 4  Surface areas and pore 
characteristics of the fresh, 
aged, and pyrolysed sewage 
sludge

Parameters Fresh sludge Aged sludge 
after 6 months

Pyrolysed 
sludge at 
500 °C

Single point surface area (P/P°)  (m2/g) 16.29 19.94 25.05

BET surface area  (m2/g) 17.99 21.16 26.77

Langmuir surface area  (m2/g) 91.16 72.21 111.95

t-plot external surface area  (m2/g) 22.05 24.24 30.52

Desorption cumulative volume of pores  (cm3/g) 0.047 0.046 0.070

Fig. 1  Nitrogen adsorption-desorption isotherms (a) and pore size distribution plot (b) for sewage sludge, pyrolysed sludge (BC500)
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The FTIR spectra of the biochars and mixtures are illus-
trated in Fig. 3. Functional group assignments are pre-
sented in Table S1 (Supplementary Information). Each 
spectrum reflected changes in the surface functional 
characteristics of the biochars produced at di�erent tem-
peratures. The prominent peak assignments in the spectra 
include secondary alcohol O–H stretch (~3620.89 cm−1), 
C–O stretch in secondary alcohols (~1102.41 cm−1), N–H 
bend in aromatic amines (~3406.88 cm−1), and Ar–C≡N 
aromatic cyanide/nitrile (~2352.87  cm−1). Changes in 
the band intensities as pyrolytic temperature increased 
were observed. This is consistent with the study by Gai 
et  al. [42]. Additional changes as a result of the addi-
tion of humus sediment to the biochar occurred around 
3600 cm−1, 2934 cm−1, and 921 cm−1. These changes are 

attributed to modi�cations of the biochar surfaces which 
resulted in new functionalities: OH stretch (phenols), 
aromatic C–H stretch, and silicate ion, respectively [64]. 
Generally, biochars tend to contain oxygenated functional 
groups. However, in comparison with other studies, it was 
observed that the humus-biochar mixture prepared in 
this work contained unique functional groups. Hossain 
et al. [65] observed similar functional groups in a sludge-
derived biochar prepared at the pyrolysis temperature of 
300–700 °C. The authors reported the presence of C–O, 
OH, NH, –CH3, and NO groups in the biochars. They also 
reported the presence of metallic compounds. Similarly, 
Lu et al. [66] reported the presence of aryl C and carboxylic 
acid groups in the biochar they prepared at the pyrolysis 
temperature between 300 and 600 °C. In addition, Jin et al. 
[67] reported the presence of phenolic groups and noted 
that peaks above 3600 cm−1 correspond to vibrations of 
OH groups in mineral materials. This suggests that pre-
pared biochar could display both organic and inorganic 
properties depending on reaction conditions and environ-
mental medium. In contrast to the present work, however, 
Jin et al. [67] also reported the presence of phosphorus 
and amide functional groups in the biochar they prepared. 
Variations such as these are usually attributable to biochar 
feedstock types and the inherent constituents.

3.3  Microbial indicators for biodegradation 
of crude oil-derived PAHs

After 24 h, visible colonies on nutrient agar and modi�ed 
mineral salt medium were enumerated and expressed as 
colony forming units per gram (CFU/g) of soil. The results 
revealed a gradual increase in the density crude oil degrad-
ing bacteria (COB) and a decrease in THBC count as the 

Fig. 2  (I) Surface morphology of the fresh sludge: (a) sewage sludge at di�erent magni�cations: (b) 50 μm and (c) 20 μm; and (II) surface 
morphology of the pyrolysed sludge: (a) BC500 at di�erent magni�cations: (b) 20 μm and (c) 50 μm

Fig. 3  Variation in functional groups in biochar/humus sediment 
mixtures (BC500 pyrolysed @ 500  °C, BC700 pyrolysed @ 700  °C, 
BC900 pyrolysed @ 900 °C, HSBC biochar plus humus sediment, HS 
humus sediment alone)
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experiment progressed with the highest rate of increase 
recorded for sample H (Fig. 4). The initial decrease in THBC 
was followed by a gradual increase in the activities of the 
heterotrophic bacteria after 18 days. The COB/THBC ratio 
recorded ranged from 1.23 × 10−4 to 6.60 × 10−3 for control 
sample (A) on the �rst day and sample H after 18 days, 
respectively (Table S2).

Results presented in Fig.  4a, b revealed a gradual 
increase in the crude oil degrading bacteria and a decrease 
in THBC count as the day passed by with the highest 
rate of increase recorded for sample H. The implication 
of the microbial activity in these experiments revealed 
that treatments with higher humus sediment content 
possessed greater crude oil degrading potentials. The 
work by Essien et al. [68] supported this observation that 
sediment amendments could boost microbial action on 
hydrocarbons.

Some previous studies have shown that biochar 
amended soils could lead to increased microbial activities 
[69]. This could be directly linked to the general modi�ca-
tion of soil physicochemical properties such as nutrient 
contents and pH. However, biochar amendments could 
also cause reduced microbial activities due to reduced 
requirements for mycorrhizal symbiosis as a result of 

increased nutrient and water availability to plant, extreme 
pH conditions, as well as negative effects from excess 
mineral elements such as certain salts and trace metals 
content [70]. In this study, it is possible that under high 
crude oil contamination, microbial activities could only 
be sustained with additional amendments from humus 
sediments since nitrogen/phosphate contents produced 
biochar are usually low [42]. However, the bioaugmenting-
biostimulating e�ect of the ash biomass-humus mixture 
was apparent and favoured bioremediation as the indig-
enous populations of hydrocarbon degrading bacteria 
and associated degradative genes were elevated after 
treatments.

3.4  E�ects of biochar-humus mixtures on PAHs 
distribution and remediation in soil

The results of the preliminary studies on the e�ects of bio-
char and humus substances on the distribution of PAHs 
in treated soils are presented in Fig. 5. The amendments 
that had the highest PAH suppression were those contain-
ing more of the humus sediments (E and H) (Fig. 5). The 
high attenuating ability of amendments E and H could 
be ascribed to enhanced biodegradation by natural 

Fig. 4  Trend of crude oil 
degrading (a) and total hetero-
trophic bacterial (b) concentra-
tions in the various samples 
during the 30-day study
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degrading bacteria from the humus sediment [26, 36]. On 
the other hand, the elevated levels of PAHs in the other 
amendments could be attributed to poor microbial action 
which seems limited in biochar-dominated mixtures. 
Treatment B (mostly HA) performed lowest with its per-
formance for all studied PAHs recorded at high levels after 
soil treatment.

In this study, it was observed that the addition of humic 
acid to biochar/sediment slurry mixture as part of the 
amendment for the treatment of crude oil-derived PAHs 
in soils did not prove to be very e�ective as against some 
reports by Holman et al. [36] and Ke et al. [27]. One expla-
nation to this contrasting result could be attributed to dif-
ferences in soil type. Di�erences in soil types will de�nitely 
exert di�erent responses to the treatments. Derrien et al. 
[71] stated in their work that di�erent sources and frac-
tions of humic substances could a�ect their chemistry and 
functionality. Conte et al. [25] also reported that the e�ec-
tiveness of HA as a natural surfactant for washing organic 
contaminants in soils was affected by soil texture and 
organic matter content. They suggested that the addition 
of HA would be more e�ective in soils with �ner grain size 
(loamy-clayey). The soil used in this study is characterised 
as loamy-sandy [38, 40]. Another plausible explanation is 
that the surface-active HA could enhance the desorption 
of PAHs from the biochar, thereby limiting the adsorption 
mechanism for PAH attenuation. Rebhun et al. [31] had 
observed in their study that dissolved humic substances 
through hydrophobic binding could reduce the sorbability 
of organic contaminants.

A study by Lesage et  al. [72] suggested that good 
results could be obtained from remediation of PAHs in 
groundwater in highly controlled conditions such as bu�-
ered pH 8, under a de�ned contaminant source in terms 
of both mass and geometry. However, such studies may 
be highly impracticable for �eld applications. Similarly, 
many other researchers have obtained good results under 

controlled conditions where only a single contaminant, 
such as pyrene [26, 29] and phenanthrene [32, 33, 73], was 
considered.

The results of the present work also agree with the 
report by Laor and Rebhun [28], which demonstrated 
an evidence for non-linear binding of PAHs to dissolved 
HAs and concluded that linear partitioning or site com-
plexation in the presence of excess available sites can-
not fully describe the interactions of hydrophobic com-
pounds with dissolved humic materials. They suggested 
that site-speci�c hydrophobic interactions at the limited 
interior or exterior molecular surfaces could be consid-
ered. Furthermore, when considering complex mixtures, 
HA-enhanced sorption/degradation has been reported 
to show di�erent patterns. For example, Seibel et al. [74] 
observed that in the presence of microbial mixtures, HA 
increased the degradation of naphthalene but decreased 
that of phenanthrene. Lippold et al. [30] also reported 
a similar observation where the solubility of pyrene by 
humic acid was negated in the presence of cationic and 
anionic surfactants. The authors concluded that reme-
diation measures on the basis of micellar solubilisation 
are not signi�cantly a�ected by the presence of natural 
amphiphilic compounds (such as HAs).

3.5  E�ects of time and biochar pyrolysis 
temperature on soil characteristics 
and remediation

It was observed that treatments containing mainly humic 
acid and/or biochar (samples B, C, D) were not as e�cient 
as those containing mainly humus sediment and biochar 
(samples E and H). The levels of total PAHs were then moni-
tored in selected biochar treatments (E and H) including 
the contaminated soil blank (A) over a period of 1, 6, and 
12 months at three intervals (Tables 5, 6 and 7). Generally, 
the levels of PAHs reduced over time in all the treatments.

The result reveals that the levels of PAHs reduced as 
time increased. In the contaminated soil without treat-
ment, the levels of PAHs also reduced over time as well. 
There are many factors that could be attributed to this 
observation. On one hand, PAHs are semivolatile and 
could have undergone evaporation from the media. 
Therefore, time (greater than 1 month) is not considered 
a major in�uence on the e�ciency of the treatments as 
other uncontrollable environmental factors may a�ect the 
transformation of PAHs. Talley et al. [75] also made similar 
observations for sediment bioslurry treatment of contami-
nated sediments monitored over a period of 4 months.

In comparison to the results for the control experiment 
(Table 5), the results presented in Tables 6 and 7 reveal 
that the best treatment recorded for total-PAHs were 
obtained after 30 days with over 70% and 40% removal 

Fig. 5  Pro�le of PAHs in simulated soils treated with di�erent for-
mulations of biochar (BC500) and humus substances after 1 month
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achieved in treatments E and H, respectively. There was 
no speci�c trend observed after 6 months as either PAH 
levels remained unchanged or were higher. It is di�cult 
to explain the challenges because crude oil is a very com-
plex mixture which can exert unpredicted outcomes. 
Another explanation may be that 16 total PAHs were con-
sidered. With changes in the reactions and interactions in 
the system, it is unclear how each component performed 
or a�ected each other. Furthermore, it may be possible 
that PAH degradation by microbial action from humus 
sediment diminished at the complete consumption of 
available nutrients provided by the biochar (BC500). Bio-
chars produced at higher pyrolysis temperature were not 
tried because at higher temperatures they contain little 
nutrients, especially NP [42], and may have acted more 
as a catalyst than a nutrient source. Nevertheless, it can 
be deduced from the results that under excess crude oil 
inoculation, the treatment of the simulated soils under 
di�erent treatments performed best at the initial 30 days.

3.6  E�ects of sludge pyrolysis temperature 
on the levels of PAHs of treated soil

After the treatment of contaminated soil with biochars 
obtained at di�erent pyrolysis temperatures, we analysed 

Table 5  In�uence of time on the levels of PAHs after soil treatment 
A (blank)a

a Treatment A is blank which contains only the soil and spiked crude 
oil

Compound Levels after monitoring intervals 
(mg/kg)

1 month 6 months 12 months

Naphthalene (Naph) 0.03 0.02 0.01

Acenaphthylene (Acy) 0.85 0.02 0.02

Acenaphthene (Ace) 1.43 0.02 0.02

Fluorene (Flu) 0.97 0.04 0.03

Phenanthrene (Phen) 0.23 0.13 0.18

Anthracene (Ant) 3.53 0.25 0.19

Fluoranthene (Flt) 0.74 0.22 0.02

Pyrene (Pyr) 0.21 0.24 0.05

Chrysene (Chry) 0.29 0.15 0.03

Benzo(a)anthracene (BaA) 0.19 0.02 0.02

Benzo(b)�uoranthene (BbF) 0.13 0.03 0.03

Benzo(k)�uoranthene (BkF) 0.19 0.02 0.03

Benzo(a)pyrene (BaP) 0.22 0.01 0.02

Dibenzo(a,h)anthracene (DbA) BDL 0.05 0.06

Indeno(1,2,3-cd)pyrene (IndP) BDL 0.06 0.10

Benzo(g,h,i)perylene (BgP) BDL 0.03 0.02

Σ16USEPA-PAHs 9.01 1.31 0.83

Table 6  In�uence of time on the levels of PAHs after soil treatment 
 Ea

a Treatment E is a sample which contains the soil with spiked crude 
oil, humic acid, and humus sediment

Compound Levels after monitoring intervals 
(mg/kg)

1 month 6 months 12 months

Naphthalene (Naph) BDL 0.02 BDL

Acenaphthylene (Acy) 0.25 0.02 BDL

Acenaphthene (Ace) 0.36 0.02 BDL

Fluorene (Flu) 0.25 0.0 0.06

Phenanthrene (Phen) 0.11 0.09 0.05

Anthracene (Ant) 1.03 0.10 0.12

Fluoranthene (Flt) 0.28 0.20 BDL

Pyrene (Pyr) 0.08 0.15 0.04

Chrysene (Chry) 0.16 0.10 0.08

Benzo(a)anthracene (BaA) 0.21 0.02 BDL

Benzo(b)�uoranthene (BbF) 0.04 0.03 0.02

Benzo(k)�uoranthene (BkF) 0.07 0.02 0.06

Benzo(a)pyrene (BaP) 0.03 0.06 BDL

Dibenzo(a,h)anthracene (DbA) BDL BDL BDL

Indeno(1,2,3-cd)pyrene (IndP) BDL BDL BDL

Benzo(g,h,i)perylene (BgP) BDL BDL BDL

Σ16USEPA-PAHs 2.87 0.83 4.43

Table 7  In�uence of time on the levels of PAHs after soil treatment 
 Ha

a Treatment H is a sample which contains the soil with spiked crude 
oil, humus sediment, and biochar (BC500); BDL below detectable 
limits

Compound Levels after monitoring intervals 
(mg/kg)

1 month 6 months 12 months

Naphthalene (Naph) 0.04 0.02 0.01

Acenaphthylene (Acy) 0.34 0.03 BDL

Acenaphthene (Ace) 0.54 0.05 0.01

Fluorene (Flu) 0.24 0.07 0.01

Phenanthrene (Phen) 0.97 0.22 0.01

Anthracene (Ant) 0.12 0.55 0.03

Fluoranthene (Flt) 0.41 0.19 0.03

Pyrene (Pyr) 0.15 0.21 0.03

Chrysene (Chry) 0.32 0.08 0.01

Benzo(a)anthracene (BaA) 0.2 0.04 0.01

Benzo(b)�uoranthene (BbF) 0.1 0.05 0.01

Benzo(k)�uoranthene (BkF) 0.04 0.03 0.01

Benzo(a)pyrene (BaP) 0.22 0.04 0.01

Dibenzo(a,h)anthracene (DbA) BDL 0.08 0.01

Indeno(1,2,3-cd)pyrene (IndP) BDL 0.12 0.03

Benzo(g,h,i)perylene (BgP) BDL 0.07 0.01

Σ16USEPA-PAHs 3.69 1.85 0.23
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the treatments after 1 month for PAHs and the results 
are presented in Table 3. Interestingly, total PAH levels in 
soil treated with BC900-derived mixture was the highest 
(0.94 mg/kg), followed by BC500 (0.51 mg/kg) and BC700 
(0.31 mg/kg). The result seemed not to produce a consist-
ent pattern. On one hand, the high levels of PAHs in BC900 
treatment may be due to the formation of high molecular 
weight (HMW) PAHs which are known to form at high tem-
peratures [76]. It would therefore imply that the applica-
tion of biochars derived from pyrolysis at a temperature 
above 700 °C would not be recommended as they may 
become sources for HMW PAHs. Similarly, Anyika et al. [53] 
does not recommend he application of biochars produced 
at temperatures higher than 850 °C.

3.7  Levels of PAHs in relation to crude oil 
contamination volume and treatment dosage

Further studies to determine optimum conditions for the 
treatment of contaminated soil were carried out. These 
involved determination of the levels of PAHs in varied 
composition of BC700 (the most suitable from the previ-
ous stage) and humus sediment as well as di�erent vol-
umes of crude oil used. The results of these experiments 
are presented in Tables 8 and 9. When the contaminated 
soil was treated with di�erent amounts of biochar/humus 
sediment mixture (HSBC), it was observed that the high-
est levels of total PAHs (19.72 mg/kg) were recorded in 
the mixture containing the highest amount of HSBC 
(60 g). This was followed by 20 g HSBC (11.36 mg/kg), 
25 g HSBC (6.72 mg/kg), 35 g HSBC (6.12 mg/kg), and 15 g 
HSBC (5.17 mg/kg). There was no signi�cant correlation 
observed between the levels of PAHs and the amount of 
HSBC applied. This observation could be due to the fact 
that PAH degradation in the environment is more respon-
sive to soil microbial communities. This happens in a situ-
ation where microbes are able to sorb on the biochar sur-
face, reducing their leachability in soils [70]. In other words, 
sorption activity which is one of the primary mechanisms 
of biochar action on PAHs in soil may reduce, leading to 
less performance irrespective of the amount applied. Fur-
thermore, Ogbonnaya and Semple [77] observed that bio-
char sorption of organic contaminants is also governed by 
several other factors such as feedstock type, production 
process, sorbate concentration and physical properties, 
aging period, and soil properties. The levels of PAHs were 
monitored in treated soils with varied crude contamina-
tion volumes (Table 9). After treatment, the highest con-
tamination level (500 mL in 0.8 kg of soil) still contained 
high residues of total PAHs recorded at 24.97 mg/kg. This 
was followed by 300 mL of crude oil (26.62 mg/kg), 120 mL 
of crude oil (20.56 mg/kg), 200 mL of crude oil (7.41 mg/
kg), and 250 mL (4.76 mg/kg). No particular pattern was 

observed from the results, and there was no signi�cant 
correlation between the level of contamination and the 
levels of PAHs.

4  Conclusion

The present study evaluated the effects of humus 
sediment slurry on PAH distribution in sewage sludge-
derived biochar amended tropical ultisol contaminated 
with crude oil. Based on the results obtained, this study 
revealed that biochar derived through sewage sludge 
valorisation by means of pyrolysis combined with humus 
sediment slurry can serve as useful remediant for the 
clean-up of soils contaminated with crude oil-derived 
PAHs. The efficiency of the prepared co-mixture was 
highly influenced by the level of crude oil contamination. 
Optimum conditions were obtained after initial 1 month 
of application of the prepared biochar/humus sediment 
mixture. The results also revealed that the co-mixture 

Table 8  E�ects of biochar/sediment mixture concentration on the 
levels of PAHs (mg/kg) in treated soils*

*Other experimental  details: 800  g soil; 120  mL crude oil; Biochar 
obtained at 700 °C (i.e. BC700) was used
a 5 g of biochar and 10 g of humus sediment
b 10 g of biochar and 10 g of humus sediment
c 15 g of biochar and 10 g of humus sediment
d 25 g of biochar and 10 g of humus sediment
e 50 g of biochar and 10 g of humus sediment

Compound Concentration of biochar/humus 
sediment mixture

15 ga 20 gb 25 gc 35 gd 60 ge

Naphthalene (Naph) 1.39 3.58 2.32 1.42 10.23

Acenaphthylene (Acy) 0.15 0.53 0.19 0.18 0.78

Acenaphthene (Ace) 0.05 0.69 0.30 0.26 0.85

Fluorene (Flu) 0.44 1.36 0.55 0.52 1.53

Phenanthrene (Phen) 0.98 0.53 1.12 1.01 2.44

Anthracene (Ant) 1.12 3.31 1.29 1.54 2.77

Fluoranthene (Flt) 0.10 0.32 0.04 0.06 0.14

Pyrene (Pyr) 0.16 0.10 0.09 0.13 0.16

Chrysene (Chry) 0.10 0.28 0.12 0.13 0.30

Benzo(a)anthracene (BaA) 0.14 0.34 0.14 0.12 0.14

Benzo(b)�uoranthene (BbF) 0.20 0.10 0.26 0.28 0.15

Benzo(k)�uoranthene (BkF) 0.11 0.06 0.14 0.16 0.09

Benzo(a)pyrene (BaP) 0.11 0.11 0.06 0.23 0.06

Dibenzo(a,h)anthracene (DbA) 0.03 0.02 0.03 0.03 0.01

Indeno(1,2,3-cd)pyrene (IndP) 0.06 0.02 0.04 0.04 0.06

Benzo(g,h,i)perylene (BgP) 0.03 0.01 0.03 0.01 0.01

Σ16USEPA-PAHs 5.17 11.36 6.72 6.12 19.72
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encouraged microbial proliferation and activities thus 
providing favourable conditions for PAH biodegradation 
to occur.
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