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Abstract: Biochar utilization for environmental remediation applications has become very popular.
We investigated the trace metal levels and soil nutrient characteristics of a biochar-humus sediment
slurry treatment of a simulated crude oil-contaminated soil in the present work. The results revealed
that biochar prepared at moderate pyrolysis temperature (500 °C) could still retain a significantly
higher nutrient content than those prepared at high temperatures (700 and 900 °C). Despite the
suitability for soil treatment, one-pot treatment studies seem not to be very effective for monitoring

Inyangudoh, A.L; Addison, E trace metal sorption to biochar because trace metals do not biodegrade and remain in the system.

Trace Metal Levels and Nutrient
Characteristics of Crude Keywords: trace metals; oil spill; nutrients; biochar; humus sediment slurry; remediation

Oil-Contaminated Soil Amended

with Biochar-Humus Sediment
Slurry. Pollutants 2021, 1, 119-126.
https://doi.org/10.3390/
pollutants1030010

1. Introduction

Soil pollution by crude oil spills still constitutes a major environmental problem in
many countries where oil exploration is the mainstay of the economy [1]. The introduc-
tion of potentially toxic trace metals and organic contaminants into the environment is
considered a threat to human and environmental health [2-5].

Due to their resistance to natural breakdown, heavy metals are among the most
persistent contaminants in the environment [6]. Except in acidic pH conditions, trace
metals are less soluble in water and tend to adsorb on particulates. As a result, increased
mobility is expected in acidic soils. Once released into the environment, trace metals can
also be bioaccumulated by living organisms through dermal or foliage absorption, root
intake, and other feeding habits. The major concerns over exposure to trace metals include
published maps and institutional affil- € deleterious effects they have on human and environmental health. These include
{ations. possible cancer, cardiovascular diseases, and neurological disorders [7]. Consequently,

trace metal pollution via oil spills has been an important topic of investigation [8-10].
Due to greater environmental awareness and stricter environmental regulations in
these countries, many attempts have been made to remediate such polluted sites. Among
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the methods adopted include isolation and containment, mechanical separation, pyromet-
allurgical separation, biochemical processes, phytoremediation, soil flushing, soil washing,
electrokinetics, and vitrification [11-13]. A major setback of most of these remediation
approaches is that they are devoid of soil fertility restoration aspects [1]. This is a key
aspect of environmental remediation for acidic soils (ultisols) which are generally charac-
Attribution (CC BY) license (https://  terized by low nutrient levels [14]. There has been, and there is still, a growing interest
creativecommons.org/ licenses /by / in nutrient recovery from waste biomass for remediation purposes while addressing soil
40/). fertility issues.
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Raw, pyrolyzed, and ashed biomass (activated carbon or biochar) materials are ade-
quate for the biogeochemical cycling of various compounds and nutrients in soils [15-21].
For this reason, biochar and other ashed biomass have been screened for trace metal and
organic contaminant remediation applications with low cost and soil nutrient restoration
agenda [22-32]. Composting of biochar with other organic wastes has also been inves-
tigated [33]. Previous investigations have shown that sediment bioslurry and composts
could effectively attenuate contaminants in soil [34-36]. However, it is not clear how
biochar in such composts could affect soil trace metal levels and nutrient characteristics in
the presence of other environmental stressors such as crude oil contamination. Therefore,
the objective of the present study was to investigate the physicochemical characteristics,
nutrients, and trace metal distribution in a simulated crude oil-contaminated soil (ultisol)
amended with biochar-humus sediment slurry.

2. Materials and Methods

Untreated Bonny Light crude oil was provided by the Shell Petroleum Development
Company of Nigeria. Humic acid (HA) was purchased from Sigma Aldrich (Cambridge,
UK). Humus sediment (HS) was sampled from a humus freshwater ecosystem in Niger
Delta, Nigeria, which has been fully characterized in previous studies [34]. The biochar sam-
ples were prepared from air-dried sewage sludge at three different pyrolysis temperatures
(500 °C (BC500), 700 °C (BC700), and 900 °C (BC900)) under limited oxygen conditions.
More details about sewage sludge sampling have been presented in a previous report [29].
Briefly, laboratory simulations were carried out in wooden boxes with small perforated
holes. Each of the boxes contained different amounts of prepared biochar-humus sediment
slurry and crude oil volumes. Briefly, the following simulations were set-up: A (blank: soil
(4 kg) + crude oil (120 mL)); B (soil (4 kg) + crude oil (120 mL) + HA (5 g)); C (soil (4 kg)
+ crude oil (120 mL) + HS (5 g) + HA (5 g) + biochar (5 g)); and D (soil (4 kg) + crude oil
(120 mL) + HA (5 g) + HS (5 g)). Soil microcosm batch experiments were set up according
to a previous report and monitored with BC500 treatment because it recorded favorable
physicochemical parameters after a preliminary analysis [34].

Analysis of soil, sewage sludge, biochars, and composites were based on standard
analytical protocols adopted from available literature [37-39].

2.1. Determination of pH

Exactly 20 g of an air-dried sample was placed into a 100 mL beaker. Exactly 40 mL
of distilled water was added, stirred, and allowed to stand for 30 min. The pH electrodes
were then inserted into the partly settled suspension, and the results were read.

2.2. Determination of Organic Carbon Content

Precisely 0.5 g of a air-dried, homogenized, and sieved sample was placed in a 250 mL
conical flask. Thereafter, 10 mL of standard potassium dichromate (K;Cr,Oy, 0.083 M)
solution was added and swirled to mix. To the resulting solution, 15 mL concentrated
H,S04 was added, and the solution was swirled gently to mix. Exactly 100 mL of distilled
water was added and allowed to stand for 30 min. The solution was swirled again to mix
and 5 drops of ferroin indicator were added. The resulting solution was titrated with 0.2 M
ferrous ammonium sulfate to the endpoint at which the color changed from blue-green to
violet red. The procedure was repeated for the blank samples. Organic carbon content was
calculated using Equations (1) and (2):

Organic carbon (mg/g) =[18 x C x V x (1 — V1/Vy)]/M €))

where C = concentration in mol/L of potassium dichromate, V = volume of potassium
dichromate, Vi = volume of titrant used up in the sample determination, V, = volume of
titrant used up in the blank determination, and M = weight of sample used.

Organic carbon (%) = (organic carbon (mg/g))/10 2)
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2.3. Determination of Cation Exchange Capacity (CEC)

The cation exchange capacity (CEC) was determined by a modified ammonium acetate
displacement method [40]. Five grams of a sample was placed in a 100 mL polyethylene
bottle. Exactly 25 mL of ammonium acetate solution was added. The mixture was shaken
for 1 h. The supernatant was filtered into a 100 mL volumetric flask through a filter paper
held in a funnel. Then, 20 mL of ethanol (95%) was added and shaken again. The mixture
was allowed to settle, followed by filtration into a 100 mL flask as before. The sample was
then mixed with 25 mL KCl (pH 2.5) solution and shaken for 30 min followed by filtration
into a 100 mL volumetric flask. The sample on the filter was leached with small portions of
KCl solution into the flask and filled to the mark. An aliquot of 50 mL was transferred into
a 250 mL round-bottom flask and diluted with 50 mL of water. The concentration of NH4*
in the extracting solution was determined by titration according to Equation (3):

NH,-N (mg/kg) = 140 x F x V/M )

where V = volume of titrant (0.005 M H,SO4) used (mL), M = weight of sample (g), and
F = inverse of the fraction of extract taken for distillation (i.e., F=1/0.5=2).

The computed value obtained from Equation (3) was divided by the atomic mass of
nitrogen (14) in order to convert to meq/kg. To obtain the CEC, the result was further
converted to meq (100 g) — 1 (Equation (4)):

CEC [meq(100 g) —11=NH,-H [meq(100 g 11=Fx V/M 4)

2.4. Determination of Nitrogen Content

The Kjeldahl method was used to determine the total nitrogen content in the samples
as described by Radojevic and Bashkin [39]. Briefly, 5 g of an air-dried, sieved (2 mm)
sample was placed in the Kjeldahl digestion flask. Five grams of K,SO4 and 1 g of copper
sulfate were added. Exactly 10 mL of concentrated HySO,4 was added while being swirled,
followed by gentle heating for 3 h at 380 °C. After cooling, about 40 mL of water was
added, and the sample was allowed to stand for few minutes until the particles settled to
the bottom. The digest was transferred to a clean macro Kjeldahl flask (750 mL). Exactly
150 mL of 1 M NaOH solution was added after the Kjeldahl distillation apparatus was set
up. Exactly 150 mL of the distillate was collected, and the NH;3-N content was determined
by titration with 0.01 M standard HySO4. The color change at the endpoint was from green
to pink. The total nitrogen content was calculated from Equation (5):

%N =(T x M x 14 x 100)/W (5)

where C = concentration of NH3-N in the distillate solution (mg/L), V = volume of distillate
solution after dilution (mL), and M = weight of sample (g).

2.5. Determination of Phosphorus Content

Five grams of an air-dried sample was placed into an appropriate bottle and 200 mL
of acetic acid (2.5%, v/v) was added. The mixture was shaken for 1 h on a rotary shaker.
The mixture was filtered into polyethylene bottles using Whatman No. 40 filter paper. The
first 5-10 mL was discarded. About 10 mL of the sample extract was pipetted into a 50 mL
volumetric flask. Exactly 5 drops of 0.25% p-nitrocresol were added. The solution was
adjusted to pH 7 using 5 M HCI or 5 M NaOH, as the case may be. Distilled water was
added to bring the solution to 40 mL, and 200 mL of Murphy-Riley reagent was added
and thoroughly mixed. Absorbance was measured at 880 nm in a 1 cm cell using UV /Vis
spectrophotometer. The concentration of phosphorus was determined by extrapolation
from the calibration graph of absorbance against standard concentration of phosphate.
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2.6. Determination of Trace Metals

Five grams of a sample was placed in a Teflon beaker, and a mixture of 4 M HNOj3
(10 mL) and H,O, (20 mL) was gradually added. The mixture was left to digest under
reflux on a hot sand bath. After refluxing for 1 h, the samples were removed, transferred
to an evaporating dish, and left to evaporate to dryness on a hot plate. The samples
were then removed and treated with 6 M HCl (5 mL) and made up to mark in a 100 mL
volumetric flask with deionized water. Trace metals were determined by atomic absorption
spectrophotometry (AAS).

2.7. Determination of Potassium Content

Potassium content in the soil, sediment, and sludge samples was determined by flame
photometry. Briefly, about 5 g of a sieved and air-dried sample was placed in a conical flask.
Exactly 50 mL of 0.5 M ammonium acetate/acetic acid solution was added and shaken for
30 min. The resulting sample was left to stand for a while, after which it was filtered. The
filtrate was read on the flame photometer to determine potassium.

2.8. Data Analysis

Descriptive statistics were performed using Excel 2007 spreadsheet while multivariate
analyses and ANOVA were done using the SPSS statistical software package Version 20.0
with the level of significance set at p < 0.05.

3. Results

The results of pH, total organic carbon (TOC), total nitrogen, total phosphorus, potas-
sium, and cation exchange capacity for the blank soil, sewage sludge, humus sediment,
treated soils, and pyrolyzed sludge are presented in Tables 1 and 2. The pH varied across
samples with the pyrolyzed samples showing more alkalinity (pH > 7). The reverse was
observed for TOC, with pyrolyzed samples recording the lowest values (3.51%). Treatment
of the simulated contaminated soils with biochar composites tended to reduce acidity and
increase nutrient (nitrogen, phosphorus, and potassium (NPK)) contents of the soils.

Table 1. Variation in physicochemical and nutrient characteristics of biochars prepared at different temperatures.

Parameter BC500 BC700 BC900
pH 8.10 £ 0.22 9.20 +£0.32 9.10 +£ 1.10
Total organic carbon (%) 3.51+0.02 2.3+ 0.03 2.8+ 0.21
Total nitrogen (%) 0.73 £ 0.01 0.52 £+ 0.02 0.24 +£0.01
Total phosphorus (%) 0.78 £ 0.01 0.07 £ 0.00 0.05 £ 0.01
Potassium (mg/kg) 35.33 +5.34 42.22 +7.55 26.17 + 5.77
CEC (meq/100 g) 0.17 0.17 0.14

Table 2. Preliminary characteristics of soil (blank), sewage sludge, humus sediment, biochar prepared at 500 °C, and

treated soils.

Contaminated

Parameter Soil Blank Sewage Sludge Humus Sediment BC500 Soil (A) Treated Soils *
pH 6.0 +0.36 58 £0.12 6.0 +0.44 8.10 £ 0.22 6.8 +0.02 7.6 +£0.20
Total organic carbon (%) 4.054+1.15 4.63 +0.50 10.17 £1.25 3.51 +£0.02 55+ 1.12 2.79 +0.55
Total nitrogen (%) 0.01 £ 0.00 4.16 £0.13 1.20 +0.08 0.73 £+ 0.01 0.02 £ 0.00 3.88 & 0.09
Total phosphorus (%) 0.07 & 0.02 3.63 4+ 0.10 24.11 £2.90 0.78 & 0.01 0.08 £ 0.02 4.43 +0.60
Potassium (mg/kg) 7.47 +£0.12 64.81 + 6.33 15.80 £ 3.11 35.33 £ 5.34 6.34 + 0.55 13.66 £ 3.60
CEC (meq/100 g) 0.46 21.02 - 0.17 - -

* treated with BC500; CEC = cation exchange capacity.

Preliminary analysis of materials and soil samples revealed varying levels of trace met-
als, as presented in Table 3. The blank soil was found to contain the highest chromium level
(0.83 = 0.04 mg/kg) and had a cadmium level of 0.01 mg/kg. In the contaminated soil, the
chromium level was 0.54 mg/kg, while the cadmium level remained unchanged compared
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to the blank soil. However, in the biochar-treated soil, lead and copper were reduced to
0.07 and 0.18 mg/kg, respectively, while the cadmium level remained at 0.01 mg/kg.

The results of the trace metals in soils treated with different amounts of biochar are
presented in Table 4, and the results obtained from soils under different levels of crude oil
contamination are presented in Table 5. The trace metal levels varied without a specific
trend. However, the highest levels were recorded for Zn in all cases, while low levels were
recorded for Cr and Cd.

Table 3. Levels of trace metals (mg/kg) in sludge, humus sediment, and contaminated and treated soils.

. Humus Contaminated Soil Sewage Pyrolyzed Sludge -
Trace Metals  Blank Soil Sediment (Sample A) Sludge BC500 BC700 BC900 Treated Soil
Zn 0.41 £ 0.02 0.33 £0.13 0.36 = 0.03 0.17 £ 0.00 023+030 110+£150 0.27£0.23 0.48 £ 0.08
Pb 0.13 £0.01 0.15 £ 0.06 0.10 = 0.00 0.13 £ 0.02 0.10£0.09 0.12+0.02 0.10 £ 0.04 0.07 £0.01
Cr 0.83 £ 0.04 0.01 £ 0.00 0.54 £0.13 0.01 = 0.00 0.05+0.056 0.07+=0.02 0.06 £0.06 0.60 £ 0.01
Cd 0.01 & 0.00 0.01 & 0.00 0.01 &+ 0.00 012+£0.03 0.07+0.10 0.07+0.10 0.07£0.10 0.01 = 0.00
Cu 0.20 +£0.10 0.22 +0.03 0.14 + 0.02 0.09+0.00 0.06+0.07 0384050 0.08=+0.10 0.18 + 0.04
* Soil treated with BC500.
Table 4. Variation of trace metal levels (mg/kg) in relation to biochar/humus sediment mixture concentration.
Concentration of Biochar/Humus Sediment Mixture
Trace Metals b d
15g? 20g 25g°¢ 35g 60g*

Zn 2.94 +1.00 1.66 £ 0.50 9.10 £2.49 534 £ 047 10.78 £ 0.80

Pb 0.23 £0.11 0.19 + 0.08 0.17 £0.10 0.51 +0.15 0.25 + 0.06

Cr 0.16 £ 0.06 0.13 £0.01 0.10 £ 0.01 0.20 £0.11 0.16 £+ 0.08

Cd 0.11 £ 0.00 0.07 £ 0.00 0.11 £ 0.02 0.22 £0.02 0.12 £0.10

Cu 0.37 £0.15 0.39 +0.01 0.12 +0.00 1.00 £ 0.00 1.37 £ 0.05

2: 5 g of biochar and 10 g of humus sediment; b. 10 g of biochar and 10 g of humus sediment; ©: 15 g of biochar and 10 g of humus sediment;

d: 25 g of biochar and 10 g of humus sediment; : 50 g of biochar and 10 g of humus sediment.

Table 5. Variation of trace metal levels (mg/kg) in relation to crude oil contamination level.

Level of Contamination (Volume of Crude Oil Spiked)

Trace Metals
120 mL 2 200 mL P 250 mL © 300 mL 4 500 mL ©
Zn 15.38 & 3.50 14.34 + 2.40 9.63 £+ 1.80 12.37 + 4.22 9.59 + 3.15
Pb 0.69 %+ 0.05 3.60 +1.20 2.14 4+ 0.00 214 +0.13 0.30 + 0.11
Cr 0.29 + 0.01 0.99 + 0.10 0.59 + 0.02 0.59 + 0.47 0.16 + 0.02
cd 0.43 + 0.01 2.28 +0.30 1.19 + 0.30 0.22 +0.32 0.10 £+ 0.01
Cu 1.61 £+ 0.20 2.11 4+ 1.00 1.52 £ 0.50 1.42 + 0.62 1.15 £ 0.25

2: 5 g of biochar and 10 g of humus sediment; ®: 10 g of biochar and 10 g of humus sediment; ©: 15 g of biochar and 10 g of humus sediment;
d. 25 g of biochar and 10 g of humus sediment; ¢: 50 g of biochar and 10 g of humus sediment.

4. Discussion

The pH, TOC, total nitrogen, and phosphorus content were generally low in the blank
soil but were higher in the sewage sludge and humus sediment. These parameters were
also low in the biochars obtained after pyrolysis of sludge (Table 2). The observed decrease
in nutrient content in pyrolyzed sludge (biochar) as pyrolysis temperature increased is
due to the decomposition of nitrate, ammonium salts and phosphate salts [41]. Cation
exchange capacity (CEC) was highest for the sewage sludge but low in biochars (Table 1).
Although high CEC generally accounts for retention of nutrient cations [42], this aspect
that is required for microbial growth could be augmented by high nitrogen, phosphorous,
and potassium (NPK) content in the humus sediment (Table 2).

Furthermore, variation in pyrolysis temperature regulates the properties of biochars.
While some parameters such as the yield, polarity, H%, and O% would decrease, the
pH, C%, ash, aromaticity, and surface area would increase [43]. However, there may be
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some variations in the degree of dominance of these parameters across different feedstocks
and pyrolysis temperatures. For instance, the total nitrogen content (2.3%) reported by
Hossain et al. [44] for biochar produced at 550 °C was higher than the values obtained in
this study. The authors also reported relatively high phosphorus content (1100 mg/kg).
Similarly, Zielinska et al. [45] observed an increase in pH from low (500 °C) to high
(700 °C) pyrolysis temperature: 7.01-7.39 and 12.23-13.10, respectively. For the same
temperature range, they reported a decrease in the nitrogen content: 2.22-3.95% and
1.88-2.92%, respectively. Yuan et al. [19] reported very high NPK values in thousand units
with K decreasing with an increase in pyrolysis temperature, from 7470 to 16,600 mg/kg at
300 and 700 °C pyrolysis temperatures, respectively. In contrast, the potassium content did
not show any consistent trend in the present work. The only plausible explanation for this
contrasting result is the possible formation of complexes of volatile potassium compounds
that could evaporate at higher temperatures [46]. On the other hand, Hossain et al. [47]
reported low N and moderate P content in wastewater sludge biochar. Thus, it is possible
to have different magnitudes of NPK ratios for a given biochar feedstock pyrolyzed at
different temperatures. However, it is not clear if similar NPK ratios could be obtained
for a given feedstock when other production parameters are kept constant. Overall, the
nutrient contents of biochars reported in the present study are within the lower ranges
compared to those in other studies. The results in Table 2 reveal that the biochar-humus
sediment mixture affected the physicochemical and nutrient characteristics of treated soils.
For example, potassium, total nitrogen, and phosphorus contents increased in treated soils.
The pH was moderated towards neutral level, considering that the soils were originally
acidic and would neutralize on amendment with alkaline ashed biomass.

Generally, trace metals were in similar ranges across the blank soils, sewage sludge,
pyrolyzed sludge, and treated soil. For soil treatment, one-pot treatment studies seem not
to be very effective for monitoring trace metal sorption to biochar because trace metals do
not biodegrade and remain in the system. Monitoring trace metals in such systems is better
done by using an external bioaccumulator for biomonitoring [48].

5. Conclusions

We monitored nutrient parameters (N, P, K) and trace metal levels in crude oil-
contaminated soils amended with biochar-humus sediment slurry. The results revealed
varying levels of trace metals and nutrient contents in the treated soils. Pyrolysis tempera-
ture influences the nutrient retention capability of biochar. Specifically, biochar pyrolyzed
at 500 °C retained more nutrients compared to those pyrolyzed at 700 and 900 °C. Further-
more, it was observed that potassium, total nitrogen, and phosphorus contents increased
in amended soil. However, trace metal levels either slightly increased or were unchanged
in the amended soils. We conclude that monitoring trace metals in such systems is better
done by using an external bioaccumulator for biomonitoring since metals do not degrade.
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