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Abstract: In the context of climate change and the circular economy, biochar agricultural and envi-
ronmental applications have attracted a good deal of attention. Biochar has unique characteristics
like surface area, porosity, water-holding capacity, pH, surface charge, and nutrients. This study
reviews the biochar production from olive pomace (OP) and olive stone (OS) byproducts, its chemical
and physical characterization, and its environmental application. The current review highlights the
conditions for biochar production, the effects of pyrolysis temperature, and feedstock type on the
physicochemical properties of biochar. High pyrolysis temperature (>500 °C) promotes a high specific
surface area, high porosity (especially for OS biochars), and pH as well as the content of ash and fixed
carbon, but generates low cation exchange capacity (CEC) and electrical conductivity (EC) and high
values of O/C and H/C ratio. OP biochar also presents a high C amount, and ash content, i.e., rich in
nutrients and high alkalizing capacity. OP biochar serves as an important source of plant nutrients,
especially potassium. After adding both types of biochar, aggregate stability and the amount of water
held in soil increase, and bulk density and bioavailability of trace elements decrease. Thus, biochar
from olive mill wastes can be a potential plant nutrient reservoir, a good amendment to improve
soil properties and long-term carbon sequestration. Results presented in this review can be used to
build designer biochars from olive mill wastes to help solve environmental issues (water purification
and pollutant remediation) and are suitable for improving soil physical chemistry characteristics and
crop growth.

Keywords: environmental remediation; olive pomace biochar; olive stone biochar; plant growth;
soil amendments

1. Introduction

The world production of olives was 21,449 Gg in 2022, with the most producing
countries being Spain (29.9%), Italy (13.5%), Greece (12.1%), Turkey (7.4%), Morocco (5.1%),
Tunisia (4.4%), and Portugal (2.4%) [1]. In the last 20 years, the annual olive production
has increased by 25% due, among other factors, to the increase in the olive-growing area
and the intensification of olive farming practices in Mediterranean countries. In 2022 alone,
more than 3010 Gg of olive oil were produced worldwide, 15% more than in previous
years [2].
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This increase in olive oil production has contributed to a large amount of byproducts
and effluents being produced, depending on the centrifugation process. In the three-phase
continuous centrifugation process, in addition to the oily phase (20%), a solid byproduct
(30%), and an aqueous phase (50%) known as olive mill wastewater (OMW) is produced [3].
On the other hand, in the modern two-phase centrifugation process, only one byproduct is
created, known as wet olive pomace (OP) (for every kilogram of olive oil produced 4 kg of
OP). Therefore, the new effluent comprises a mixture of washes and vegetable solid residue,
comprising the skin, pulp, physiological water, and olive stone (OS). In the two-phase
centrifugation process, although it produces no OMW, it produces a single effluent stream
in semi-solid form, OP, which doubles the amount of “solid” waste requiring disposal [3].
In Spain alone, the world’s main producer, more than 6000 Gt of OP were produced in
2022 [1].

The main reason that has led to the modernization of the oil mills, from three phases
to two phases, has been the elimination of OMW, which was a problem in the oil mills due
to their high contaminant load. With this industrial change, the water consumption of the
oil mills has also been reduced, from 1.5 L to 0.25 L per liter of oil produced [4]. The great
advantage has been, without a doubt, reducing the 10-12 x 10° m?® of OMW produced in
the 1990s in olive-growing countries, which is compared to an equivalent contamination of
10-16 x 10° inhabitants [5].

However, OP is in sludge form, with about 55-70% moisture content, making the
industrial recovery of the residual oil difficult and expensive. The main alternative for
economic recovery of OP is the extraction of residual oil (34% oleic acid) in seed-oil
refineries, where it is necessary to centrifuge and dry the conventional three-phase olive
cake, producing a large quantity of OMW. The considerably higher energy requirements
than in the three-phase process and, finally, the extraction of residual fat with oil solvents
make the industrial recovery of residual oil difficult and expensive [3].

Different treatment processes can be carried out with olive cake. The stone-free OP is
obtained after sieving the wet OP and de-oiling and drying [6], which is used as biomass
energy given its high energy value. This process is expensive since drying is energy-
consuming and highly polluting due to the CO, emissions generated. It is estimated
that OP could provide more than 20.6 Kw kg~! OP processed electric power by direct
burning [7], representing high CO, emission rates [8]. Furthermore, this industry generates
little economic profit [9].

Converting OP and OS into biochar, the solid product of thermochemical conversion
under oxygen-limited conditions (pyrolysis), seems a promising approach to address
the above-mentioned environmental concerns of olive oil byproduct management. The
advantage of pyrolysis is that it does not require O, for combustion, so there are no CO,
emissions into the atmosphere [10]. In this sense, this type of technology, in addition to
its industrial scale, has the advantage of aligning with Green Europe’s decarbonization
objectives. The interest in producing biochar from these olive oil byproducts relates to its
chemical composition. In the case of OP, the material is made up of a high proportion of C
in the form of cellulose, hemicellulose, and lignin (20%); low ash content (8%); and high
humidity [11]. In the case of OS, these properties are improved due to low humidity, which
is of interest to avoid undesirable combustion in pyrolysis ovens.

In this sense, biochar production is a win-win strategy, considering that it reduces the
volume of waste from the olive oil industry while favoring decarbonization compensation
for C emissions. Due to its beneficial characteristics, e.g., surface area, porosity, water-
holding capacity, pH, surface charge, functional groups, and mineral components, biochar
is used as a soil conditioner, a promising alternative for agricultural applications [12,13].
Biochar’s physical and chemical properties largely depend not only on the type of feedstock,
but also on the pyrolysis conditions such as temperature and heating rate [14-18]. Therefore,
biochar’s pyrolysis conditions are essential when choosing the most suitable biochar for
the intended application, which can range from application as an inorganic amendment
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in soils or remediation of contaminated soils [13,19,20], wastewater treatment [21,22], or
carbon capture [16,19], etc.

During biochar production, pyrolysis temperature plays a key role in the thermochemi-
cal conversion of biomass [13,16-19,23,24]. In general, biomass heated to high temperatures
(>500 °C) produces biochar with a porous structure, large specific surface area (SSA), aro-
maticity, C-C content, and high pH, while those made at low temperatures (<400 °C) have
a high yield and O/C and H/C ratio, and low electrical conductivity (EC), cation exchange
capacity, and surface functional groups [16-19,25]. In this sense, low-temperature biochar
contains a high content of compounds that easily undergo degradation in soil, and, hence,
nutrients assimilable by plants so that it could be suitable for agricultural use [26,27], while
those produced at high temperatures could be used in more environmentally friendly
practices [28].

Pyrolysis of olive waste has been identified as a promising management technique that
detoxifies organic contaminants in these byproducts [29], increasing its agricultural value
both in terms of nutrient availability and C sequestration [30]. Alotaibi et al. [31] found that
the physical properties (pH, EC, SSA) of OP and sewage sludge (SS) biochars increased
with increasing pyrolysis temperature, demonstrating the potential of these biochars to
store recalcitrant C. Furthermore, when produced only from OP, total C values can be
even higher (89.6% C) [32]. Campos and la Rosa [33] showed that biochar produced from
OS has physical and chemical properties (water retention capacity greater than 70%, very
high surface area (473 m? g’l), alkaline pH (9.34), low ash content (1%), among others)
which may be suitable for pollutant remediation and agricultural soil. Currently, there is a
discrepancy in information between biochar types and their efficient use. In this sense, the
present study aims to cross-reference existing information (studies published until 2022), to
optimize the best production process for the expected purpose. The specific objectives of
this review are to discuss: (i) the optimization of the OP and OS biochar production process,
(ii) the analysis of factors affecting the process of biochar production, such as temperature
and feedstock type, (iii) the physical and chemical characterization of the biochar produced,
and finally, (iv) the advantages of the applications of OP and OS biochar to soil, for the crop
growth and pollutant remediation. It is expected that this review is believed to serve as
a useful tool to define the wide range of OP and OS biochar applications and to establish
which pyrolysis process best fits the desired biochar properties (high contaminant retention,
high C store).

2. Materials and Methods
Data Survey and Screening

A literature review was conducted using the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) framework to provide state-of-the-art on biochar
produced from both olive pomace (OP) and olive stone (OS) in topics such as production,
characterization, and applications. This is accomplished through a five-phase process. The
screening process and reasons for exclusion are summarized and identified in Figure 1.
Detailed information about this review’s search protocol and steps is presented below.

(i) We formulated the search string using different combinations of the keywords “biochar”,
“olive pomace”, and “olive stone”. On this basis, the following search string was
designed: (olive pomace biochar OR olive pomace char OR olive pomace charcoal OR
olive stone biochar OR olive stone char OR olive stone charcoal OR olive pit biochar
OR olive pit char OR olive pit charcoal OR olive mill biochar OR olive mill char OR
olive mill charcoal OR olive bagasse biochar OR olive bagasse char OR olive bagasse
charcoal) AND (soil application OR soil amendment OR wastewater treatment OR
plant growth OR characterization physical chemistry). The references available on
the papers that resulted from the mentioned search were added to the paper’s list to
ensure that the obtained database comprised a complete survey on this topic.

(ii) Applying exclusion and inclusion criteria—identification: the search included all
papers published before May 2023 and available from Scopus, Google Scholar, and
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Web of Science databases, resulting in 245, 105, and 3 scientific papers, respectively.
Results were merged, and duplicated ones were removed, totaling 270 papers. Only
peer-reviewed articles in English were considered, and “other” publication types,
such as press releases, book chapters, and newsletters, were removed.

(iii) Titles and abstracts screening: the titles and abstracts of articles were first checked by
two reviewers, and for the doubtful cases, a full-text evaluation was performed. The
screening process allowed for a reduction from 270 results to 140 publications.

(iv) Excluding irrelevant papers based on their full text: the selected papers were carefully
reviewed, and studies not directly related to this research aim were excluded. A
total of 78 papers were excluded in this step. The selected papers thus addressed the
characterization of biochar from OP and OS and/or its applications for environmental
remediation and soil amendments, which constitute the sample included and analyzed
in this systematic review.

(v) Snowballing: we applied backward snowballing (search in the paper’s reference list).
This step has the advantage of identifying important papers in the literature review
that could not be identified via the systematic review method. Four papers were
added by considering this step, resulting in a total of 62 papers.

1 4 1

’ Records after duplicates removal (270) ‘

Inclusion/exclusion criteria Amd?s exclude§ =1
applied =) | After title screening = 35
After abstract screening = 95

\ 4
4
$

Articles excluded during data ‘ Inclusion/exclusion criteria
exporting = 35 applied =)

$

62 articles included

Figure 1. Flowchart data screening methods according to PRISMA principles.

Data used in this paper were exported directly from the text and tables of selected pa-
pers. When the papers’ results were displayed in graph form, the corresponding numerical
data were collected by using GIMP software (version 2.10.34). For data interpretations on
the effect of increasing temperature on the physicochemical characteristics of biochar, we
use specific subsets of each feedstock, along with SigmaPlot 13.0, for graphical interpreta-
tions within SigmaPlot 13.0. We utilized regression fitting functions (linear or quadratic)
that best fit the presented data (e.g., best R? values and greatest p values). We avoided
data interpretations that lacked logical sense (such as sigmoidal or sinusoidal equations),
even if they had higher R? values compared to regression equations that were logical
and interpretable.

3. Results
3.1. Statistical Data

From the selected articles, it was observed that the research institutions responsible for
publishing the results on this topic were predominantly from Spain (46.8% of all articles,
n = 29), followed by Tunisia (14.5%, n = 9); Italy (9.8%, n = 6); Greece, Saudi Arabia, and
Turkey (4.8%, n = 3); and Qatar (3.3%, n = 2) (Figure 2), which is directly related to the fact
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that Spain is the main world producer of olive oil, contributing with 45% of the world’s
olive oil production and 25% of the world’s crop area [34].

Belgium Egypt Isracly . q.n Southern _ gjovenia
1.6% 1.6% 1.6% 1.6% Mediterranean | go,
region
1.6% United States

/)
Qatar
3.3%
Greece
Spain Saudi Arabia 4.8%
4.8%

46.8%

Turkey
4.8%

Tunisia
14.5%

Figure 2. Global distribution of articles related to OP and OS biochar.

Complete information regarding the pyrolysis process, feedstock type, chemical and
physical characterization of biochar, and pyrolysis conditions was considered in 62 papers
(Table 1). Papers regarding biochar application on crop/plant productivity, pollutant reme-
diation, and agricultural soil amendments were assessed. The literature review showed
that the primary feedstocks for biochar production were OP (56%) or OS (42%). Among
the 62 articles selected, 48 experiments reported biochars produced at low temperatures
(from 301 °C to 500 °C), 30 trials (from the same article or not) were developed at high
temperatures (from 501 °C to 800 °C), and six studies were found in other ranges (up to
300 °C and above 800 °C) (Table 1). In 60% of articles, carbons were synthesized in an Np
atmosphere, 39% in a CO, atmosphere, while only 1% used He as carrier gas. Most biochars
were produced through slow pyrolysis, without activation (74% of the considered data),
while the remaining 26% were created either by carbonization and/or physical activation
(Tables 1 and 2).

Table 1. Summary of biochar from OP and OS research conducted.
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[48]
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[50]
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OP and OS
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Table 1. Cont.
References Feedstock Temperature Gas Activation g:ng;:;—e(;hemical H:::l‘;'::: il;:);iyn;ze SSA Pores Soil Plant Adsorption Nutrient
[52] or 400 Ny X v v v X X X X X X
[32] 0s 300, 500 Ny X v X X v v X X v v
[53] or 350, 550 CO, v v X v v X X X v X
[54] 0s 500 CO, v X X X v v X X v X
[55] or 500 Ny X v v v X X v v X v
[56] 0s 500 CO, v X X X v v X X v X
571 oP 500 CO, X v X X X X v v X v
[58] oP 500 CO, X X X X X X v v X X
[59] OoP 500 CO, v X X X X X X v X v
[601 oP 500 CO, X X X X X X v v X X
[61] OP 400 Ny X v X X X X v v v X
[62] or 400 N, X v X X X X v X X X
[63] 0s 750 N, v X X X v v X X v X
[64] 08 600 Ny X X X X v v X X X X
[65] 08 350, 450, 550 Ny X X v v X X X X X X
[66] 08 500, 800 Ny v X X X v v X X v X
[67] or 430, 480, 530 CO, X v v v X X X v X X
[68] oP 400-450 CO, X v v v X X v v X X
[69] or 350, 700 Ny X v X v v v v X X v
[70] or 350, 700 N, X v X v v v v X X v
711 oS 400 Ny v X X X X X X X v X
[72] or 400 N, X v v v v X v v X v
73] oP 400 Ny X v X X X X v X X X
74] or ?386500, 800, co, X v v X X X X v X X
[75] 0s 850 Ny v X X X X v X X X X
[76] 0s 750 CO, X X v X v v X X v X
[77) 0s 400 Ny v X X X X X X X v X
[78] or 400, 700 CO, X v v v v X v X X v
79] or 400, 600 Ny X v v v v X v v X v
[80] or 450 Ny X v v v X X v X X X
811 (o] 450 N, X v v v X X X v X X
[821 (o] 459 Ny X X X X v v X X v X
[83] oP 700 CO, X X v v v X v X X X
[84] 0s 800, 850, 900 Ny v X X X v v X X X X
- 200, 300, 400,
[85] oS 500, 700, 900 N, X X v v v v X X v X
[86] oP 280 CO, X v v X X X v X X v
871 OoP 450 CO, X X v X X X X X X X
[88] or 500 CO, v v X v X v v X X X
[89] 0s 800 Ny v X v v v v X X v X
1901 or 2540050 pe X X v v X - X X X X
[91] or 600 Ny X v v v v v X X X v
921 os 600 Ny v X X v v v X X X X
OP: Olive Pomace; OS: Olive Stone; SSA: Brunauer-Emmett-Teller surface area; “¢/” means studied; “X” means
not studied.
Table 2. Biochar and AC production summary from OP and OS research conducted.
Reference FD T (°C) Carbonization Treatment
[41] op 800 Slow Pyrolysis Superheated steam
Superheated steam + H,SO4
400 Slow Pyrolysis
500 Olive mill wastewater
600
800
Gasification CO
[44] 0s 900 2
800 NaOH
Ba(OH),
Ca(CH3CO0),-H,0
350 - .
Pre-treatment with FeClj
550
[53] oP 350
Post-treatment with FeClj
550
500 -
[54] 0s Fe30y
500 Fast Pyrolysis
[56] 0s Yoy Co304
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Table 2. Cont.

Reference FD T (°C) Carbonization Treatment
[59] or 500 Slow Pyrolysis HNO;3
[63] (O}) 750 - Water vapor
500 - Impregnation H3POy 3:1
800 Gasification CO,
250 NH4VO;
NH4VO3 + ZI‘(OCH2CH2CH3)4
[66] oS NH4VO3 + ZI'(OCH2CH2CH3)4
ZI‘(OCH2CH2CH3)4
NH4VO;
NH4VO3 + ZI'(OCH2CH2CH3)4
ZI‘(OCH2CH2CH3)4
400 Slow and Mild Ni(NO3)-6H,0
[71] oS Pyrolysis
Cu(N03)2'3H20
Cu(NO3)2 -3H20 + Ni(NO3)2 -6H20
[75] (O}) 850 Slow Pyrolysis Supercritical water
400 Slow Pyrolysis Citric Acid
Citri Acid + Ni(NO3),-6H,0O
[77] oS Citri Acid + Cu(NO3),-3H,0 + Ni(NO3),-6H,O

Citri Acid + Cu(NO3),-3H,0 + Ni(NO3),-6H,0
Cu(NO3)2 '3H20 +

850 -
CO,
900
800
[84] 0s 850
Steam
900
850
CO, /Steam
500 - Na25103
[88] opP KH2PO4 and KNO3
800 - CO,
[89] oS CO, /H3POy4
H3POy4
600 Slow Pyrolysis Demineralized
[92] oS Ball-milled

Demineralized and ball-milled

OP: Olive Pomace; OS: Olive Stone; FD: Feedstock; T: Temperature.

We found that 35%, 29%, and 35% of the studies characterized biochar from a physico-
chemical, ultimate, and proximate analysis. However, only 16 studies (26%) analyzed all
these physicochemical properties simultaneously. In 48% of studies, they measured specific
surface area, while 32% of articles reported porous structure results. Finally, 34% of the
studies approached crop growth, 45% soil amendments, 29% the amount of nutrients, and
26% pollutant remediation.



Sustainability 2024, 16, 5004

8 of 31

3.2. Olive Pomace and Olive Stone Biochar Production Process

The biochar characteristics from olive pomace (OP) and stone (OS) are summarized in
Tables S1 and S2. Data indicate highly variable results in activation conditions and associated
physicochemical properties. It is confirmed that the biochar quality (which is determined by
its composition and properties and is dependent on the purpose-specific applications) and
its potential application are greatly affected by the pyrolysis process [13-18], as well as the
raw material used [14,16,18].

Feedstock plays a critical role in the yield. OS biochar yield is substantially higher than
OP biochar (39% versus 33%, means, respectively), which the biomass type may explain.
A higher lignin content (50%), in comparison with cellulose (12%) or hemicellulose (24%),
probably promotes a higher C-C link formation [91,93,94]. In addition to the variation
of content in lignin, cellulose, and hemicellulose, mineral salts in the feedstock will also
influence pyrolysis yields [45]. The OS has a lower ash content (Table S3).

Moreover, biochar yield also decreases with increasing pyrolysis temperature
(Figure 3A,B). Both OP biochars (Figure 3A) and OS biochars (Figure 3B) presented a sig-
nificant correlation between pyrolysis temperature and yield (r> = 0.64 vs. 0.60, OP vs. OS,
respectively). The effect of temperature in combustion has been widely documented in the
literature, e.g., at higher temperatures, a decrease in biochar yield is realized [17,18,95,96].
A high and fast pyrolysis temperature intensifies the carbonization of the biomass through
rapid dehydrogenation and dehydration of hydroxyl groups, thus reducing the yield [97].

Production of Biochar and Activated Carbon

A novel methodology to maximize biochar production involves its transformation into
activated carbon (AC) through chemical and physicochemical activations or functionalization.

Functionalizations focus on introducing specific functional groups or chemical moi-
eties onto the OP or OS biochar surface. This process is more targeted and aims to tailor the
chemical nature of a material. For example, adding functional groups like -OH, -COOH,
or -NH, to a material’s surface can give specific chemical or biological functionalities. On
the other hand, activation generally refers to increasing a material’s reactivity or surface
area, making it more porous or chemically reactive. In the context of carbon materials,
it often involves exposing the material to gases like steam or carbon dioxide. This pro-
cess creates pores and increases the surface area, enhancing the material’s adsorption
properties [44,63,75,84].

Of the multiple papers reviewed on the activation and functionalization of OP and OS
biochar (Table 2), the authors prefer slow pyrolysis processes at different temperatures up
to 800-900 °C [41,44,66,75,84,89]. Slow pyrolysis conducted at elevated temperatures is ob-
served to yield optimal results for activating and functionalizing the olive mill byproducts.
It is the preferred method to produce activated carbons (ACs), although pyrolysis is still
carried out [53,56,71].

Biochar activation processes can be used either before or after slow pyrolysis, with
post-treatment being preferred to produce ACs. In El Hanandeh et al. [53], the post-treated
method consisted of soaking the pristine biochar in 0.1 M FeClj; for 1 h, then drying it at
105 °C for 24 h. Due to the acidic digestion by FeCls, iron oxide was deposited on the
biochar’s surface, and the biomass structures opened. This process enhanced the biochar “s
porous structure, and the increase in surface area was likely due to the washing of ashes
caused by the acidic nature of the solution. This post-treatment can be considered a surface
functionalization rather than a direct activation process.

Pre-treatment aims to introduce specific chemical groups or enhance the surface prop-
erties of the feedstock, paving the way for a more tailored and controlled pyrolytic process.
Omiri et al. [77] incorporated citric acid with copper and nickel nitrates before performing
slow pyrolysis to examine the influence of pre-treatment on the nanophysical properties of
the biochar, which acts as a support matrix for the deposition of metal nanoparticles. Using
citric acid induced the formation of bimetallic copper/nickel nanoparticles exhibiting an
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agglomerated or even raspberry-shaped morphology. This unexpected outcome can be
considered functionalization and activation.

On the other hand, functionalizations can be performed after slow pyrolysis as an
additional step to modify and optimize the properties of ACs. This flexibility allows for
a comprehensive and customizable approach to meet specific application requirements.
The mentioned functionalizations generally involve metallic oxides (e.g., Co3O4) [56],
acids (e.g., HNOs, HySOy4, H3POy4) [41,59,660], and metallic salts (e.g., Ni(NO3),-6H,0,
Cu(NOs3);,-3H,0), or a mixture of chemical compounds, water vapor, and gases [71,77,84].

OP biochars OS biochars
100 100
y =-0.0177x + 40.699 R? = 0.64 A T y =-0.1675x + 113.29 R? = 0.60 B
P=0.016(n=13) P =0.437 (n = 14)
80
= = )
k) 2
; 10 z 60
S S
2 .2
m m
b
4 40
) i . {
20 T T T T 20 T T T T
300 400 500 600 700 800 300 350 400 450 500 550
11 11 -
y = 0.0037x + 7.6864 R? = 0.75 C y=00132x+2.137R* =099 D
P =0.011(n=32) P=0011(n=16)
10 1 ¢ (] 10
§ 3
T
9 I 9 {
1
z t z
=8 Eg
= 2
: z t
71 71
¢
6 6
5 T T T T T 5 T T T T
200 300 400 500 600 700 800 300 350 400 450 500 550
Pyrolysis temperature Pyrolysis temperature

Figure 3. A linear relationship between pyrolysis temperature and yield (A,B) and pH (C,D) in OP
biochar and OS biochar. Complete data for the 62 articles reviewed are provided in Tables S1 and S2.
Green lines are mean and the symbol ( ¥ ) represents a standard error.

3.3. Olive Pomace and Olive Stone Biochar Characteristics
3.3.1. Physical and Chemical Properties of Biochar

OP biochar and OS biochar show pH values varying from 5.33 to 10.7 and 5.50 to 9.80,
respectively (Table S2), increasing with pyrolysis temperatures (Figure 3C,D). As expected,
a linear correlation exists between pH and biochar pyrolysis temperature (r? = 0.75 vs. 0.99,
OP vs. OS, respectively) (Figure 3C,D). Most of the biochars from olive byproducts have an
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alkaline pH. In general, high pyrolytic temperatures, high metal oxide, ash content, and
the development of heterocyclic nitrogen compounds influence the production of high-pH
biochar [98]. Biochar often can have an initially high pH (alkaline), which is desirable when
activated with acidic, degraded soils; nonetheless, if soil pH becomes too alkaline, plants
may suffer nutrient deficiencies [99].

Although biochar exhibits a considerable cation exchange capacity (CEC), which refers
to the capacity to exchange positively charged species, such as Ca?*, Mg?*, K*, and Na* [18],
only five reviewed studies show CEC data.

The highest CECs are observed in OS and OP biochar produced at low temperatures
(25.5 and 20.3 cmol. kg !, respectively), in contrast with biochar produced at relatively high
temperatures (>400 °C), ranging from 11.9 to 18.6 cmol. kg~ [40,79], which may be linked to
the loss of some acidic/carboxylic functional groups at high temperatures [100,101]. Moreover,
higher CEC biochar may indicate an excellent capacity to adsorb/remove potentially toxic
elements [102].

Electrical conductivity (EC) in biochar is mainly influenced by feedstock (Table S2),
registering the highest value for OP biochar (3.65 dS m~!, mean value) and the lowest
for OS biochar (0.98 dS m~!, mean value). There was no significant correlation between
EC and biochar pyrolysis temperature (Figure S1A,B). This could be an important biochar
characteristic, limiting its final application in agronomic use. For example, for agronomic
applications, a high EC value indicates the presence of cations (e.g., K*, Ca?*, and Mg?*)
and anions (SO4%~ and PO,3"), nutrients essential for crop growth. This fact highlights
the importance of in-depth biochar production and characterization knowledge, allow-
ing the creation of more versatile biochars with potential socioeconomic impacts and
vegetable nutrition.

3.3.2. Proximate Analysis

The proximate analysis includes the moisture content, ash content, volatile matter, and
fixed carbon. As referred to above, ash content varies according to the type of feedstock
used (Table S1) and pyrolysis temperature (Figure 4C,D). OP biochar has a higher ash
content, which can be correlated with higher mineral content in olive fruit, mainly potas-
sium (Table S2). Moreover, ash content positively correlated with temperature pyrolysis
(Figure 4C,D). It could play an important role in agriculture, where, in addition to reducing
soil acidity, it could improve productivity in acid soils. In other cases, it may be more
advisable to use OS biochar (with low ash content and pH, when processed under the same
conditions [103]) to avoid the concentration of soil mineral salts.

Fixed carbon contents for the biochars ranged from 25.5% to 89.0% for OP and 4.60 to
90.2% for OS (Table S1). When pyrolysis temperature increases, the fixed carbon content
increases while the volatile matter decreases (Figure 4). The C content fixed in OP and OS
biochar increased by 7 and 8% with the temperature increase and, at the same time, the
volatile matter decreased by 31-37%, considering the same thermal conditions, resulting in
a strong correlation (r* = >0.7) between volatile matter and pyrolysis temperature (Figure 4).
Considering the mentioned data, it is clear that the biochars’ fixed carbon content is affected
by both pyrolysis temperature and feedstock. Despite the higher carbon content of OP
biochar, the volatile matter level was higher in OS (OP—mean value: 27.7%; O—mean
value: 41.7%). Even though previous studies have demonstrated that biochar with greater
fixed carbon is obtained from biomasses with greater volatile content [104], this review
recorded poor results, which may be explained due to variations in moisture and residence
time of pyrolysis. The moisture content significantly reduces the mass loss and release of
volatile matter, while extended residence times lead to a significant part of volatile matter
being recombined and polymerized within the sample’s structure [105].



Sustainability 2024, 16, 5004

11 of 31

OP biochars
90
y=-0.0867+ 72244 R* = 0.73 A
P=0.07 (n=25)
75
Ze0 4
\360
S
245 1
g
230 4 {
-
15 1
0 T T T T
300 400 500 600 700 800
25 ;
y=0.0125x+3.0302R" =0.78 C
P=0.114 (n=31)
20 A
0
%15 i
s
|
2 T
S10 1 { t J~
=
- !
5 4
0 T T T T
300 400 500 600 700 800
100 >
y=0.0436x +42.466 R* = 0.99 E
P=0.003 (n=23)
80 4 {
E %
® 60 { t
§
=
g 44
b1
B
£
20 A
0 . . . .
300 400 500 600 700 800
Pyrolysis temperature

OS biochars
90 .
y=-02103x+118.64 R" =0.77 B
P=0.08 (n=19)
751
B
\360 1
2451 ) {
E
=
230 1
-
15 1 -
[ ]
0 T T
300 400 500 600
25 -
y=0.0039x-0.1783R"=0.97 D
P=0.014 @=21)
2.0 1
)
E t/,////
%15 7
= 4
g 7
B
1.0 1
=
<t
0.5 1
00 T T T T T
300 350 400 450 500 550 600
100 5
y=0.0881x+12.377R" = 0.99 F
P=0.030 (n=11)
80 1 T
=
3 -
£ {
=
_g L2
s ¢
(53 40 -
32
B
B
20 -
0 T T T T
300 350 400 450 500 550
Pyrolysis temperature

Figure 4. Linear correlation between pyrolysis temperature and OP and OS biochars’ volatile matter
(A,B), ash (C,D), and fixed carbon content (E,F) (w/w). Complete data for the 62 articles reviewed are
provided in Table S1. Green lines are mean and the symbol ( ¥ ) represents a standard error.

The volatile matter is a good indicator of biochar stability and nitrogen availability
when applied as a soil amender, considering its potential impact on short-term microbial
activity and plant growth [106]. Thus, biochar may constitute a suitable and ecological
material for soil amendment, nutrient source, and carbon sequestration.
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3.3.3. Ultimate Analysis

The ultimate analysis indicates the elemental constituents of biochar: carbon (C),
hydrogen (H), nitrogen (N), sulfur (S), and oxygen (O) [107]. Elemental compositions for
biochar obtained with different temperatures are listed in Table S1. OS biochar contains
the highest C content (77.2%), while OP biochar contains the highest N content (1.79%).
The contents of H and O were similar for the two biochar types. When the pyrolysis
temperature increased, C content increased, whereas the H and O decreased, regardless of
the type of biomass, indicating an increasing degree of biochars’ carbonization (Table 3).

Table 3. Elemental composition of OP and OS biochars at different temperatures.

OP biochars

Temperature  C (%) H (%) N (%) O (%) H/C o/C C/N

400 °C 65.3 + 4.6 3.82+1.0 1.72+ 0.5 255+7.6 0.35 +0.14 0.37 £0.13 352+ 11
500 °C 733+ 3.7 2.37 £ 0.6 1.79 + 0.6 11.5+43 0.06 £ 0.03 0.17 £ 0.06 80.0 +£ 10
600 °C 77.6 £ 4.7 2.38 +0.3 3.11+1.1 6.73 £3.1 0.04 £+ 0.00 0.17 £ 0.07 240+ 74
700 °C 769 £ 6.5 129+ 1.1 2.69 +£0.1 - 0.02 £+ 0.02 - 39.0+13
OS biochars

Temperature  C (%) H (%) N (%) O (%) H/C o/C C/N

350 °C 66.4 + 18 443+ 1.3 0.24 £+ 0.08 288 £17 0.72 £ 0.7 0.42 +0.28 291 + 20

400 °C 787+ 1.8 427 +£0.2 0.31 £ 0.05 15.8 +£1.9 0.52+0.2 0.17 £ 0.03 284 + 54

500 °C 82.7+29 3.50 + 0.3 0.30 £+ 0.03 128 +2.7 0.46 +0.1 0.13 £ 0.04 319 +47

An increase in C concentrations may occur when pyrolysis temperature increases due
to cleavage and polymerization reactions that cause easily degradable C compounds to
be restructured. At the same time, other elements may be lost to volatilization, and thus,
overall total C content increases [19,108]. The great majority of the reviewed literature
classifies the OP and OS biochars as class 1 on the International Biochar Initiative (IBI), i.e.,
C content higher than 60% [109]. In this study, N content in both biochars presented an
increasing trend, reaching a peak for an intermediary pyrolysis temperature followed by a
slight reduction of N content when subjected to higher temperatures (Table 3), which could
be justified by the formation of N compounds, which do not readily volatilize at lower
pyrolysis temperatures [110].

The pyrolysis temperature and feedstocks affected the H/C and O/C atomic ratios
(Table 3), tending to decrease with pyrolysis temperature and consequently increasing
aromaticity [110]. In addition, it was observed that OP-derived biochars generally presented
lower H/C and O/C ratios, indicating higher aromaticity and resistance to biodegradation.

Results showed that the C/N ratio increases with the increment of pyrolysis tempera-
ture up to 500 °C. It was observed that there is a reduction in the C/N ratio in OP biochar
at higher temperatures. Only OP biochar produced at 600 °C may increase N availability in
the soil [111]. OS biochar with high C/N is practically inert for microbial activity but could
increase the recalcitrant soil organic C pool.

3.3.4. Surface Area and Porosity

Comparisons of the specific surface area (SSA) and pore volume (PV) of the different
biochars indicated that these properties were closely associated with the feedstock type.
The reviewed papers recorded that SSA ranged from 0.30 m? g~ ! to 507m? g~! (Table S2),
with OS biochars registering much higher values than those produced from OP. As the
pyrolysis temperature increases, a gradual increase in the SSA for both types of biochar
(OP and OS) was recorded (Figure 5A,B) due to biochar experiencing crystallization and
recombination during the carbonization process, leading to an expansion of the total pore
volume and, consequently, on the SSA [25,112]. A strong correlation between biochar
SSA and pyrolysis temperature was observed (r? = 0.70 and 0.94 for OS and OP biochars,
respectively) (Figure 5A,B).
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The European Biochar Certificate (EBC) states specified that SSA should preferably
be higher than 150 m? g~! [113], as with the OS biochars produced over 300 °C. A higher
surface area is preferable due to its significant role in soil fertility, leading to improvement
of the structure of the soil and provision of ecological niches for soil microorganisms [114].
In addition, a huge SSA of OS biochar makes it an ideal adsorption medium for trace metal
elements, organic pollutants, and pesticides.

OP biochars OS biochars
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Figure 5. The linear relationship between pyrolysis temperature and the biochars’ specific surface area
(A,B). The complete data is given in Table S2. Green lines are mean and the symbol ( ¥ ) represents a
standard error.

Alazzaz et al. [38] and Sanginés et al. [85] showed that OP and OS biochars produced
under low temperatures (300 °C and 200 °C, respectively) resulted in lower values of total
pore volume (0.002 cm?® g~! and 0.04 cm® g1, respectively); as expected, higher pyrolysis
temperatures (700 °C and 900 °C, respectively) led to high values of total pore volume
(0.083 cm® g~! and 0.193 em® g~!, OP and OS biochars, respectively) (Table S2). The
pores in the C-skeleton of the biochar developed due to the decomposition of lignin, the
quick degradation and the release of volatiles from feedstock material, and the reaction
of aromatic condensation as the temperature increases [115]. Both the porosity and SSA
play key roles in biochar anion and cation exchange capacities, therefore influencing their
adsorption abilities [116].

3.3.5. Nutrient Content

Besides C and N, biochar also contains some essential plant nutrients such as P, K,
Ca, Mg, and micronutrients, as shown in Table S2. Therefore, biochar incorporation into
agricultural soils may reduce the need for chemical fertilizers. In general, OP biochar has
a higher nutrient content than OS biochar, reflecting the composition of the feedstocks
(Table S3).

Pyrolysis temperature also influenced total nutrient contents, but to a much smaller
extent; for example, Delgado-Moreno et al. [32] observed that upon further heating from
300 to 500 °C, OS biochars showed slight enrichment for P, K, Ca, Mg, and Fe (Table S2).
On the other hand, Pellera and Gidarakos [78] showed that with the increase in pyrolysis
temperature, OP biochars showed a pronounced enrichment for P, K, Ca, Mg, and Fe. It is
essential to highlight that the nutrient content of OP may vary between regions, as reported
by Fornes et al. [57]. On the other hand, the concentration of trace metals in all biochars was
below the maximum concentrations allowed for biochars, according to IBI guidelines [109].
The relatively high nutrient concentrations and low trace metals concentrations in OP
biochar show the versatility of its applicability for agricultural use.
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3.3.6. Effect of Activation and Functionalization on Activated Carbon Characteristics

Activation focuses on developing the biochar ‘s surface area, making it more porous,
with the aim of application in gas or liquid pollutant adsorption processes. These materials
are usually activated by CO; gasification, steam, demineralization, and others (Table 4).

Table 4. Correlation of activation and functionalization of biochars with surface area, pore, and
micropore volume.

Reference AC Treatment SSAT ESA Vit Vmicro
- - _ m2 gfl cm3 g 1
[41] OPAC Superheated steam 345.31 - 0.24 0.106
OPACS Superheated steam + HySO4 618.18 - 0.32 0.203
ACGS800 Gasification CO, 1355 77 0.59
ACG900 Gasification CO, 2360 172 0.802
[44] NaC NaOH 528 49 0.217
BaC Ba(OH), 123 2 0.048
3CaO/ACGS800 Ca(CH3COO0);-H,0 solution 1235 146 0.499
6CaO/ACG900 Ca(CH3COO);-H,0 solution 1960 225 0.693
BC350_pre Pre-treatment with FeClj 28.19 -
(53] BC550_pre Pre-treatment with FeCl3 31.95 -
BC350_post Post-treatment with FeCl3 27.6 -
BC550_post Post-treatment with FeCls 29.44 -
[54] MAG-OSBC Fe304 33.82 - 0.166
[56] Co-OSBC Co304 39.85 - 0.168
[63] OSAC_PW360 Water vapor 807 - 0.3
ACP Impregnation H3POy, 3:1 1300 594 0.389
AC Gasification CO, 1355 50 0.59
1V/ACP NH4VO; 722 290 0.233
0.9V-0.1Zr/ACP NH4 VO3 + Zr(OCH,CH,CH3)4 746 275 0.245
[66] 0.8V-0.2Zr/ACP NH4VO3 + Zr(OCH,CH,CHj3)4 830 267 0.291
1Zr/ACP Zr(OCH,CH,CH3)y 818 268 0.282
1V/AC NH4VO; 1000 40 0.43
0.8V-0.2Zr/AC NH4VO3 + Zr(OCH,CH,CHj3), 940 39 0.403
1Zr/AC Zr(OCH,CH,CH3)y 906 33 0.389
C-850-30 CO, 446 56 0.243
C-850-60 CO, 572 90 0.319
C-850-90 CO, 761 124 0.406
C-850-120 CO, 778 177 0.406
C-900-60 CO, 603 139 0.3
5-800-30 (2.4) Steam 808 166 0.426
[84] 5-850-30 (2.4) Steam 813 174 0.427
5-850-20 (1.6) Steam 589 101 0.312
S-850-20-F (3) Steam 713 233 0.358
5-900-30 (2.4) Steam 437 155 0.216
5-850-60 (4.8) Steam 1074 417 0.525
CS-850-30 CO,/Steam 674 125 0.357
CS-850-60 CO,/Steam 1187 469 0.553
ACG800 CO, 1355 - 0.57
[89] ACG800-P2 CO,/H3POy4 1506 - 0.591
ACP2800 H3PO4 1380 - 0.514
DOS-BC Demineralized 268 - 0.115 0.163
[92] BM-OS-BC Ball-milled 438 - 0.193 0.152
BM-DOS-BC Demineralized and ball-milled 435 - 0.194 0.154

SSA: Brunauer—-Emmett-Teller surface area; ESA: External surface area; Vt: Total pore volume; V yicro: microp-

ore volume.
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The surface area (SSA) of biochar can vary greatly depending on the selected activation
technique, reaching values of up to 2360 m? g~!, which is an exceptionally large SSA. In
this case, the procedure involved carbonizing OS under continuous N, flow at 500 °C to
achieve this elevated surface area. Subsequently, the resulting biochar underwent physical
activation with CO,. The gasification temperature was set at 800 °C, and the gas feed was
switched to CO, with a flow rate of 150 cm® STP min~! for 7 h, resulting in an AC with high
SSA [44]. Guerrero-Pérez et al. [66] employed a methodology similar to Calzado et al. [44],
but the material underwent a two-hour CO, gasification process, obtaining an AC with
1355 m2 g~! of SSA. In these processes, in addition to transforming a byproduct into a
high-added value material and a broad spectrum, it also promotes decarbonization by
using greenhouse gases such as CO,.

Other studies examine the combination of water vapor, with or without gases, achiev-
ing noteworthy values for SSA [84]. Combining CO; and steam as activating agents
significantly influences the development of AC porous structure. For example, the produc-
tion process for CS-850-60, which involves CO; and steam as activating agents at 850 °C for
60 min, exhibits distinctive characteristics from creating micropores (Vmicro = 0.553 cm’ g_1
and SSA = 1187 m? g~ !) and mesopores.

Among the described activation methods, demineralization stands out as a pre-
treatment methodology that eliminates minerals from OS biochar, enhancing the resulting
biochar’s porosity and SSA. Ball milling, a post-treatment approach, also mechanically
crushes and grinds biochar particles, contributing to increased porosity and SSA. These
treatments are activation methods as they alter biochar’s physicochemical properties,
achieving SSA of up to 438 m? g~ 1.

Finally, the wide range of activations can be combined with functionalization. Fourier
Transform Infrared analysis (FT-IR) can accurately identify functional groups on the surface
of adsorbents (Table S4). The main structures encountered in AC from olive mill residues
include hydroxyl (OH), carbonyl (C=0), alkyl, and hydrocarbons. These functional groups
exert significant influence over the adsorptive performance of ACs, playing pivotal roles in
surface interactions and engagement with reactants [29,41,53,56,66,88].

Moreover, aromatic structures in ACs add an extra layer of significance, contributing
to the material’s resilience against decomposition under heat exposure and enhancing its
durability when exposed to acidic or alkaline environments [56,63,92].

On the other hand, introducing specific groups on the chemical surface, such as
sulfonic acid (SO3H) and sulfates (50427), enhances catalytic activity. The catalytic activity
of AC is complemented by carbonyl groups, which also serve as active sites for catalytic
reactions. Their involvement is attributed to the ability of carbonyl groups to participate in
redox reactions and adsorb species on their surface, amplifying the catalytic efficacy of the
materials [41].

3.3.7. Elemental Composition and Thermogravimetric Analysis of Activated Carbons from
OP and OS

OP is a valuable raw material for synthesizing AC because of its high oxygen concen-
tration and fixed carbon content (41.51% of total carbon in the final product material).

Ayadi et al. [41] carried out an elemental analysis on the ACs and biochar before
and after pyrolysis, seeking changes in the material’s composition during the activation
and sulfonation processes. Authors identified that the C content increased from 77.95%
to 85%, whereas oxygen, nitrogen, and hydrogen contents were reduced by half due to
decarboxylation or depolymerization and dehydration reactions.

Azzaz et al. [29] observed that materials that underwent hydrothermal carbonization
had higher volatile matter and lower C content compared to un-treatment biochar, which
showed higher levels of nutrients (magnesium, potassium, sodium) due to combustion at
high temperatures.

Valero-Romero et al. [89] showed that the phosphoric acid activation process increased
ash content and oxygen content, accompanied by the integration of phosphorus on the
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surface. Materials showed an ash value of 0.3-3.7%, a C content of 93.2-87.9%, an oxygen
content of 4.7-6.7%, and no detectable phosphorus (Table S5). The authors analyzed the
re-oxidation process after a thermal treatment at 900 °C. The authors observed that the
carbon surface treated at high temperatures in N, is unstable and may re-adsorb oxygen
even at room temperature. Since no loss of phosphorus was observed on the surface after
several reduction/oxidation cycles, it was deduced that the re-oxidation of the phosphoric-
acid-ACs at room temperature occurs due to the large number of highly reactive free
sites susceptible to re-oxidation, where oxidation from C-P to C-O-P occurs, as this redox
reaction is reversible at high temperatures.

On the other hand, Guerrero-Pérez et al. [66] concluded that the presence of phos-
phorus in the AC material ACP significantly enhanced its thermal stability and oxidation
resistance compared to the AC without phosphorus. The TGA results showed that the ACP
material remained resistant in air up to 500 °C, while the AC sample began to gasify around
400 °C. This difference in thermal stability indicated that the phosphorus-containing ACP
material was more resistant to oxidation at high temperatures and in oxidant atmospheres.

Valero-Romero et al. [89] analyzed that both biochars were thermally stable in the
100-450 °C range. The weight loss observed at other temperature ranges indicated the
instability of OP/OS. Additionally, the presence of magnetite on the surface contributed
to its enhanced thermal stability, particularly after 550 °C. This finding suggests that
incorporating magnetic nanoparticles improved the thermal properties of the biochar,
making AC more resistant to high temperatures.

El-Shafie et al. [56] demonstrated that both OS biochar and Co—OSBC (Cobalt-loaded
OS biochar) exhibited thermal stability within the 100-450 °C temperature range. The
weight loss observed between 50 and 100 °C and 550-800 °C, respectively, was attributed
to the vaporization of free water in the first case and to the carbonization of polymeric
material in the second.

Zouari et al. [92] showed that the samples subjected to demineralization exhibited
higher weight loss values (10%), indicating a reduction in the material’s thermal resistance.
It was attributed to the removal of minerals and hemicelluloses during the demineralization.
The presence of ashes in the OP biomass was found to have a catalytic effect on the
thermal degradation behavior. Ash minerals enhanced biochar formation during thermal
decomposition. Demineralization decreased yield, indicating that the high ash content in
the OP biomass promoted biochar formation by thermal catalysis.

3.4. Applications of OP and OS Biochars
3.4.1. As Soil Amendments or Conditioners

Due to the physical and chemical characteristics of OP and OS biochar, the soil proper-
ties were moderately affected after biochar application, as listed in Table 5.

Biochar’s alkalinity allows it to function as a soil amendment for acidic soils, improv-
ing soil health and productivity. Alazzaz et al. [38] reported a slight increase in pH after
application of 1% and 3% OP biochar in calcareous soils due to biochar-induced alkalinity
as a result of the oxides and carbonates accumulated during the pyrolytic process. Albur-
querque et al. [39] attributed the notable increases in soil pH to the soil’s low buffering
capacity. The application of OS-derived biochar led to a pH increase of approximately
one unit (from 6.5 to 7.5) with a 7% application rate. Moreover, ash-rich biochar led to
even higher soil pH values (8.5) for the same biochar application rate. This liming effect is
considered positive in acidic soils but can have adverse impacts in non-acidic soils [39].

After applying OP biochars, even more pronounced impacts in soil EC were
recorded [38,42,51,55,67]. Hmid et al. [67] reported that the OP biochar application with
15% in sandy soil increased the EC from 0.06 dSm ™! to 0.19 dS m~!, making it unlikely that
amended soils have a detrimental effect on microbial activity and crop growth [117]. Con-
sequently, OP or OS biochars could be safely added to soils with relatively high buffering
capacity without seriously harming soil salinization and alkalinity.
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Table 5. Summary of papers on the effect of OP- and OS-derived biochar on soil properties.

References

Biomass/
Pyrolysis
Temperature

Country

Experiment
Type

Biochar Dose

Soil Type

Impact on Soil Properties

[38]

OP/300,500
and 700 °C

Saudi
Arabia

Greenhouse

1% and 3%

Calcareous
loamy sand
soil

The biochar application, especially
with increasing pyrolytic
temperature and/or application
rate, significantly increased soil
pH and EC and extractable K, Na,
Ca, Mg, Fe, and Zn.

[39]

0S/507 °C

Spain

Greenhouse

0.5%, 1%,
2.50/0, 50/0, and
7.5%

Haplic
Luvisol

Biochar application significantly
increased field capacity, soil pH,
soil EC, and resin-nitrate and
decreased soil bulk density, soil
nitrate content, and
resin-ammonium.

[31]

OP /300, 500
and 700 °C

Saudi
Arabia

Incubation

3%

Sandy loam
texture

The Resin-Pi, NaHCO3-Pi,
NaHCOj3-Po, and HCI-Pi fractions
content was decreased after
biochar addition.

[42]

OP/600 °C

Spain

Incubation

50/0, 15% and
30%

Calcaric
Arenosol

The bulk density and particle
density were decreased, and total
pore space, water-holding
capacity, air volume, soil pH, EC,
and organic matter were increased
after biochar addition, especially
at the largest doses (15-30%).

[33]

0S/500 °C

Spain

Greenhouse

2% and 5%

Sandy loam

Typic
Xerofluvent

The addition of biochar to acidic
and moderately acidic soils
increased soil pH. Furthermore,
EC showed a slight increase in
applying 2% of biochar. However,
the application of biochar has not
modified the water-holding
capacity.

[46]

0S/500 °C

Spain

Field

8tha!

Fluvisol

Enzymatic activities and soil
respiration rates were not
modified with biochar application
but increased the total carbon
content of soils.

[47]

0S/400 and
500 °C

Spain

Incubation
and
greenhouse

2%, 5% and
10%

Fluvisol

Biochar addition increased the soil
pH (dose 5 and 10%), C content,
and C/N ratio. The application of
biochar reduced the 3-glucosidase
activity. Furthermore, the
concentrations of
CaCl,-extractable heavy metals
significantly decreased in
biochar-amended pots.

[49]

0S/500 °C

Spain

Field

10%

Fluvisols

Biochar addition caused an
increase in the total carbon
content, but the N content was not
modified.
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Table 5. Cont.

References

Biomass/
Pyrolysis
Temperature

Experiment

Country Type

Biochar Dose

Soil Type

Impact on Soil Properties

[48]

0S/500 °C Spain Incubation

8tha!

Fluvisols

Biochar amendment increased the
C content of the soils after two
years. In general, biochar
application did not reduce the low
bioavailable contents of trace
elements found (As, Cu, Pb, Ba,
and Zn) compared to
non-amended soils.

[50]

OP/1100-

1200 °C Field

Italy

5tha~!

Lithic Ruptic-
Inceptic
Haploxeralfs

Soil chemical characteristics at the
end of the experiment (3-month

duration) did not show significant
differences for application biochar.

[51]

OP/500 °C Spain Field

6.67 tha—1

Sandy loam
(Xerochrept)

Adding biochar increased pH and
EC up to 10 cm deep and water
content for the soil samples below
5 cm depth. In Situ, applying
biochar increased soil moisture of
the topsoil (0-5 cm depth) and
reduced penetration resistance
measured in the field.

[55]

OP/500 °C Tunisia Greenhouse

1%, 2.5% and
5%

Agricultural
soil

Applying biochar considerably
increased the pH and EC of the
resulting soil-biochar mixture, an
effect that increased with the
biochar application rate.

[68]

OP/400-

450 °C Greenhouse

Belgium

5(70, 100/0, and
15 %

Sandy soil

The increasing biochar rates
increased the soil’s pH and EC
and reduced from 37% for Pb, 37%
for Cd, and 49% for Zn, compared
to the non-amended soil (0%
biochar).

[69]

OP/350 and

700 °C Incubation

Turkey

1%

Hypereutric
Fluvisols

Biochar application did not affect
NO;3;~,Br—,and SO42* leaching
from sandy loam soils in a short
time (46 days).

[70]

OP/350 and

700 °C Incubation

Turkey

4% and 8%

Mollisol

Applying biochar improved soil
aggregate stability and soil total
carbon while the proportion of >4
mm aggregates and mean weight
diameter of aggregates decreased.
Biochar produced at high
temperatures significantly
increased soil aggregate stability
value compared to low
temperatures.

[72]

OP/400 °C Greece Field

10and 25t
ha—!

Biochar application also positively
impacted C and P sequestration in
the soil, improved soil structure,
and improved soil nutrient
content at deeper soil levels.
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Table 5. Cont.

References

Biomass/
Pyrolysis

Temperature

Experiment

Country Type

Biochar Dose

Soil Type

Impact on Soil Properties

[78]

OP/400 and
700 °C

Greece Incubation

5%, 10%, 15%
and 20%

Loamy sand

It was noticed that the addition of
both biochars caused an increase
in soil pH and organic matter
content. Both biochars enhanced
the ability of soil to immobilize
cadmium and nickel; however, in
most cases, the biochar produced
at 700 °C was proven to be more
efficient.

[80]

OP/450 °C

Italy Italy

~8%

Clay loam

The biochar did not interfere with
pyrene bioavailability or affect
microbial pyrene-degrading
activity.

[86]

0Pr/280 °C

Germany Incubation

4tha™!

Alkaline clay
soil and acidic
sandy soil

Applying biochar to the acidic
sandy soil significantly increased
soil pH, CO,, and N,O fluxes.
Additionally, there was a clear
variation in bacterial community
structure in the acidic sandy soil
(phyla Acidobacteria, Nitrospirare,
and Arthrobacter) with the biochar
addition.

(88]

OP/500 °C

Saudi

Arabia Incubation

1% and 2%

Sandy loam
soil

The modification of biochar with
silica and nutrients showed an
excellent ability to decrease metal
(Pb) contents and bioavailability
in soil and also increase essential

nutrient availability in soil (P,
NO3~, NHg*).

Nutrients released from biochar into the soil solution vary depending on the ele-
ment’s specific sorption affinity with either the biochar or the soil [118]. Alazzaz et al. [38]
recorded that the application of 3% biochar increased the soil’s exchangeable K content
from 40.5 mg kg~! (control) to 324 mg kg ~!. Additionally, the application of 3% biochar
exhibited significant increases in the soil’s availability of Na, Ca, Mg, and some micronu-
trients (Fe and Zn). This suggests that the availability of soil nutrients amended with OP
biochar could likely depend on biochar type and application rate [38].

The application of biochar has been proposed as a promising long-term tool to increase
soil C sequestration (Figure 6). This is due to biochar’s high stability and aromaticity,
whose average residence time is longer than plant biomass, contributing alternatives to
promote carbon sequestration [119]. Some studies showed that applying OS and OP biochar
significantly increased the total C content on the soil’s top layers [42,47-49,72].

Olive-mill-derived biochars may reduce trace metals in contaminated soils, influencing
their mobility and toxicity through diverse physicochemical mechanisms [120]. Despite the
few existing OP and OS biochar application studies in contaminated soils, Hmid et al. [67]
observed a significant reduction of Cd, Pb, and Zn with increasing rates of OS biochar added
to contaminated soil. Contrastingly, Campos et al. [49] did not find that biochar application
reduces the bioavailability of trace elements (As, Cu, Pb, Ba, and Zn). However, biochar
has a rich pore structure and a huge SSA that can improve soil’s physical characteristics,
such as bulk density, surface area, water-holding capacity, and permeability [121-123].

In several studies, OS and OP biochar application in different doses (2-30%) decreased
soil bulk density and particle density and increased the total pore space and soil water-
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holding capacity, hence positively impacting plant growth [39,42]. Kavdir et al. [70] found
that the application of OP biochar at high temperatures significantly improved soil aggre-
gate stability. In contrast, the proportion of macroaggregates (>4 mm) and mean weight
diameter of aggregates decreased. On the other hand, Lilli et al. [72] found that the distri-
bution of water-stable aggregates was significantly increased by the addition of OP biochar
(an increase in macroaggregates by 16.4% and a decrease in microaggregates by 3.3%).

Olive Pomace (OP) Olive Stone (0S)
Pyrolysis
© J] &
Value-added products \’\'fte management

@Jpphes nutrlen

@oil remediatioD

@lgh alkallmtD
.
educes potentially\

m @ sequestratioD

trace elements OP-biochar OS-blOChal‘ anrove soil wate5

holding capacity

Improve soil aggregate

formation and stabilit

and C sequestration Cmprove soil aggregat?
y

Figure 6. Positive effects of OP- and OS-derived biochar on soil.

Based on previous studies, the variables affecting the microbial response to biochar
application were mainly related to biochar properties, application load, and soil proper-
ties [124]. However, our current knowledge of the impact of applying OP and OS biochar
on the soil’s microbial status remains scarce. Lilli et al. [72] found that in the rhizosphere,
the OP biochar-treated plants showed a higher number of unique taxa. On the other hand,
Campos et al. [45] found that applying biochar on contaminated soils changed the bacterial
diversity, reducing the presence of extremophilic bacteria and increasing the presence of
bacteria typical of non-contaminated soils. These authors underlined that changes in the
soil bacterial richness and diversity after biochar application were correlated with the
increment of soil pH, bacterial diversity, and plant growth.

3.4.2. Plant Growth

Several impacts of biochar application on germination and seedling growth range have
been reported. Hormesis is regularly detected, meaning that high biochar rates can harm
plants, while low rates can be stimulatory. Both positive [39,40,46,47,51,55,68,72,79,81] and
negative [33,42,57,59,60,74] responses have been found in field trials to enhance yield crop
as a result of biochar application to soils (Table 6).

Plant growth improvements and crop yields due to biochar application are the result
of the modification of soil’s physical, chemical, and biological properties. In the research
conducted by El-Bassi et al. [55], OP biochar application rates of 2.5% and 5% used as
a soil amendment promoted tomato seedling growth. Therefore, the produced biochar
had great potential to be used as a biofertilizer in agriculture. Lilli et al. [72] found that
the yield of tomato plants treated with biochar was 29% higher than the control, which
could be attributed to the minerals contained in the biochar, especially the K, and a direct
contribution of C fixed in the biochar [38,55].
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Table 6. Summary of research on the effect of biochar from OP and OS on plant growth.

References

Biomass/
Pyrolysis
Temperature

Biochar Dose

Soil Type

Plant

Effects

[39]

0S/507 °C

0.5%, 1%, 2.5%,
50/0, and 7.50/0

Haplic Luvisol

Sunflower

Adding ash-poor biochar (produced from
OS) positively affected seed germination;
however, it did not increase total plant
dry biomass.

[40]

0S/350, 450
and 550 °C

Cress and
lettuce

All the biochars (350, 450, and 550 °C)
showed germination indices > 82% for
both cress and lettuce, typical of
non-phytotoxic materials.

[42]

OP/600 °C

5%, 15% and
30%

Calcaric Arenosol

Mastic and
myrtle

The biochar of olive mill waste proved
phytotoxic for myrtle in mixes with coir
in 25% and 50% doses. However, mastic
showed relatively good growth in the
biochar mixes, the mix only being
adverse at the 50% dose.

[33]

0S5/500 °C

2% and 5%

Sandy loam Typic
Xerofluvent

Chinese
cabbage

The plant survival rates and height were
significantly lower for the pots amended
with biochar. In addition, the root and
shoot dry weight of the Brassica rapa
plant was not higher in plots amended
with biochar compared to the
unamended plots.

[46]

0S/500 °C

8tha!

Fluvisol

“native
plants”

Applying biochar in highly polluted soil
plots significantly increased the area of
vegetation cover in comparison with the
control plots. In contrast, although an
increase in vegetation cover was
observed for moderately polluted soil
amended with biochar, it was not
statistically significant.

[47]

0OS/400 and
500 °C

2%, 5% and
10%

Fluvisol

Chinese
cabbage

Biochar addition significantly increased
the root-to-shoot ratio compared to the
control soil. In particular, 10% of
amendment increased this ratio to the
greatest extent.

[50]

OP /1100~
1200 °C

5tha~!

Lithic
Ruptic-Inceptic
Haploxeralfs

Tomato

Biochar application alone did not affect
any of the parameters of tomato
production and quality compared with
the control, and in combination with
organic fertilizers, no synergistic effect
was observed.

[51]

OP/500 °C

6.67 tha=1

Sandy loam
(Xerochrept)

Olive

The biochar led to a relative olive
production increase of about 15%
compared with the control. Furthermore,
an improvement was observed in the
physiological parameters of the plants
from the biochar-amended plots.

[55]

OP/500 °C

1%, 2.5% and
5%

Agricultural soil

Tomato

Biochar amendment promoted tomato
seedling growth after ten weeks, which
was highest in the 2.5% and 5%
application rates for both biochar OP and
biochar from OP impregnation with olive
mill wastewater.
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Table 6. Cont.

References

Biomass/
Pyrolysis
Temperature

Biochar Dose Soil Type Plant Effects

(571

OP/500 °C

Cress and Biochar was highly phytotoxic, with an

- - average reduction of germination index
lettuce o
of 82%.

[59]

OP/500 °C

The biochar from OP showed
considerable phytotoxicity with a
reduction of seed germination by 80%
and early seedling death.

Cress,
- - lettuce, pea
and Tomato

[58]

OP/500 °C

Biochar affected plant growth negatively
only at doses larger than 25%. The effect
of biochar on fruit quality was very
limited.

0%, 10%, 25%,
50%, 75%, and “substrates” Tomato
100%

[60]

OP/500 °C

Biochar at 10% markedly reduced the
germination percentage, shoot and root
Petunia growth, and the percentage of flowering
and plants in these species compared to the
calendula control. Furthermore, the plants showed
an unbalanced nutrient uptake and low
chlorophyll content.

10%, 25% and
50%

’

“substrates”

[68]

OP/400-450 °C

With the increasing biochar application
rate, the growth of bean plants improved;
leaf metal contents were reduced, the
activities of antioxidative stress enzymes
decreased, and soluble protein contents
increased.

5%, 10%, and

15% Sandy soil Bean

[72]

OP/400 °C

The yield of tomato plants treated with
25tha~! - Tomato biochar was 29% higher than the control
treatment.

[74]

OP/300, 500,
800 and
1000 °C

The root growth of Lepidium sativum and
Garden Brassica rapa, as well as the survival of the
cress and nematode Meloidogyne incognita, were
field inhibited by biochar produced at 300 °C,
mustard but toxicity decreased at higher pyrolysis
temperatures.

- In vitro

[79]

OP/400 and
600 °C

OP-derived biochars exerted a
phytostimulant effect on Lepidium

- 1% Cress sativum seeds because their
corresponding germination indexes were
greater than 100%.

[81]

OP/450 °C

Germination indexes of biochar water
extracts at two different dilution ratios
(1:9 and 3:7) were 107 and 58%,
respectively.

- - Cress

An excessive application rate of biochar addition may have an inhibitory effect on
seed germination and crop yield. This is due to biochar’s high alkalinity and salinity,
mainly caused by the large content of soluble K in the biochar [57,59]. Therefore, a clear
understanding of these parameters is essential before the biochar can be used in a plant
growth substrate. In this sense, Fornes et al. [57] used seed germination bioassays to
prove the produced biochar’s phytotoxic character due to its high salt content. Similarly,
Fornes et al. [58] evaluated that the application of 10 and 25% of OP biochars as substrates in
soilless cultivation of tomato plants did not affect shoot and root growth; however, higher
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doses had a negative impact on the production and number of tomato fruits, without
consequences on the fruit quality. This negative impact was attributed to one of the biochar-
containing substrates being saline. Nevertheless, Fornes and Belda [59] demonstrated that
salt excess and alkalinity were easily reduced by treating biochar with diluted nitric acid,
thus removing the phytotoxic factors.

Plant stress is one of the major problems encountered in agricultural environments.
There are both biotic and abiotic types of plant stresses [125]. Literature has confirmed
that adding biochar was generally effective in reducing the hazard of polluted soils and
restoring balanced plant mineral nutrition [126]. Campos et al. [47] found that Cd, Cu,
and Zn bioavailable contents decreased in soils amended with OS biochars. In addition,
biochar application enhanced the germination in acidic, polluted soil, where germination
was impossible. Likewise, applying OS biochar to metal-contaminated soils provided
environmental benefits, including increased diversity and plant growth [46].

Some studies have shown that biochar might improve the photosynthetic capac-
ity of crop leaves and the activities of antioxidant enzymes [127-129]. In this regard,
Hmid et al. [68] observed that increasing OP biochar increased 15-day-old bean growth
and soluble protein contents and decreased the activities of antioxidant enzymes and leaf
Cd, Pb, and Zn contents. Besides, De la Rosa et al. [51] found that olive trees amended with
OP biochar had better water and photosynthetic conditions.

The effective application of biochar as a practical soil amendment in agriculture might
face limitations due to economic, sustainability, and environmental factors [130]. Collection
of waste material, processing of feedstocks (e.g., drying), and pyrolysis operations (i.e.,
pyrolysis reactor and operating cost), and costs associated with the handling and application
of biochar, one must consider and weigh them against the environmental benefits and
enhancements in crop production [131]. However, in Europe, just using quantities available
of OS and OP as feedstock for the production of biochar could sequester CO; in the range
of 0.93-2.32 MtCOyeq yr~! and 2.14-2.97 MtCO,eq yr~!, respectively [132].

3.4.3. Biochar and Activated Carbon Applications

The application of AC represents a dynamic and innovative approach in the field
of environmental and agricultural sciences. The use of biochar and AC has increasingly
attracted the attention of researchers, given their multiple applications, ranging from soil
improvement and carbon sequestration to water purification and pollutant remediation. As
researchers delve deeper into the potential of AC, their diverse and sustainable applications
continue to unfold, promising solutions to contemporary challenges.

In catalysts, Ayadi et al. [41] demonstrated the potential of different solid AC acid
catalysts produced from OP and coconut husks through sulfonation for sustainable and
efficient biodiesel production from OP. The solid AC acid catalysts were employed in the
esterification of olive pomace oil (OPO), facilitating the conversion of free fatty acids into
esters. The results indicated that, after 5 h of reaction, both AC catalysts resulted in acid
values lower than 2 mg KOH g~! and met the requirements of EN14214 standard [133], with
a content higher than 97%, indicating the successful esterification process facilitated by the
catalysts, highlighting their catalytic properties and applicability in biodiesel production
processes. In Guerrero-Pérez et al. [69], the aim was to evaluate the behavior of the
vanadium-containing activated carbon catalysts for the partial oxidation of propylene to
oxygenates. Furthermore, the study discussed how adding zirconium as a dopant could
enhance the catalytic performance. The higher propylene conversion percentages for the
vanadium-zirconium-doped catalysts indicate the synergistic effect of incorporating both
elements in enhancing the AC catalytic activity, highlighting their catalytic activity and
selectivity towards oxygenate products. At last, Omiri et al. [77] deployed biochar as
catalysts for methyl orange (MO) degradation.

Among the benefits of AC in adsorption processes, El-Azazy et al. [54] used OS biochar
and magnetic OS biochar as adsorbents in the removal of antibiotic ciprofloxacin in aqueous
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solution, highlighting the strong adsorption capabilities (174.03 mg g~ ') of the magnetic
OS biochar.

Ghouma et al. [63] analyzed the AC performance in NO; adsorption under various
conditions, finding that the AC, produced through steam activation of OS, proved to
be a highly effective adsorbent for NO, removal. The study highlighted a temperature-
dependent variation in the NO; adsorption capacity of the AC, suffering a substantial
reduction in adsorption capacity (39%) when temperature increased from 20 °C to 50 °C.

Finally, Usama et al. [88] aimed to evaluate the effectiveness of biochars in immobi-
lizing lead (Pb) and enhancing nutrient availability in Pb-contaminated sandy loam soil.
The silica-embedded (BCSi) and nutrient-loaded (BCSiNP) biochars showed the highest
adsorption capacity for Pb (57.78 mg g~!) in BCSiNP followed by BCSi (54.01 mg g~ 1),
indicating their excellent potential to immobilize Pb in the soil. The modified biochars also
increased the bioavailability of essential nutrients (P, NO3", NH4") in the soil. Overall, the
study demonstrated that the modified biochars effectively immobilized Pb and improved
nutrient availability in the contaminated soil.

3.5. Challenges and Future Perspectives

The olive industry’s waste constitutes an environmental hazard due to its acidity and
high phenol content. Converting these low-value feedstocks into cost-effective materials
such as biochar is a sustainable method of waste valorization with several emerging applica-
tions. A literature review on biochar production from olive mill wastes revealed academia’s
extensive efforts on biochar characterization, property optimization, and applications dur-
ing the past few decades. Nevertheless, there are several gaps on this topic, requiring
deeper knowledge and substantial efforts to understand the biochar production process
and how to manipulate certain features in order to obtain functional biochar, answering
the needs and challenges presented by the several targets of application, as well as soil
and water.

Future studies should focus on the mechanisms involved in agriculture and environ-
mental applications of OP and OS biochars. Although several studies have proven that OP
biochar may promote desired effects in both soil and plants, the mechanisms involved and
how to control those processes are not well understood.

Since characteristics of biochar are highly controlled by types of feedstocks and pyrol-
ysis conditions (e.g., temperature), it is essential to select appropriate feedstock, i.e., OP
or OS, according to the specific physicochemical biochar properties aiming at previously
established purposes.

Furthermore, studies related to the use of OP and OS biochar in optimizing the
removal of polyphenols from olive mill wastewater can be a cost-effective and profitable
alternative, which can be included in conventional wastewater treatment plants. Thus,
biochar produced from olive mill byproducts can serve as an ecological alternative and a
promising material for future wastewater treatment and residue management strategies,
fostering sustainability and a circular economy policy.

When employed in agriculture, biochar is typically applied in significant amounts,
which makes it difficult to posteriorly remove it from the soil in case of any unfavorable out-
come. Future research should focus on biochar’s effectiveness for different methodologies
and time of application, considering as well the cropping system and plant growth stage.

Modified biochar (e.g., acid, base, salt, or steam/air activation) may result in different
outcomes imposed by its distinct elemental and chemical composition (e.g., SSA, porosity,
CEC, surface functional groups, and pH), which should also be evaluated when considering
modified biochar application, not only on soil but also in other environmental compart-
ments.

Regulatory entities, from local to national and European bodies, must provide legal
support and financial incentives to produce and use biochar, especially from local waste,
such as olive oil byproducts.
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4. Conclusions

This systematic review presented a summary of current research developed to produce
and characterize OP and other environmental applications. Without a doubt, the pyrolysis
temperature and feedstock type have a massive impact on the characteristics of the resultant
biochar. Therefore, it is important to have in-depth knowledge of the relation of these two
variables in order to optimize the productive process and maximize biochar’s efficiency
and its intended uses. OS biochar has advantageous properties such as large surface area,
high porosity, low ash content, and high C amount, making it an efficient tool to improve
the surface adsorption process. These properties make it an efficient and suitable tool for
various applications such as soil remediation, and wastewater treatment, but not to crop
growth. However, the OP biochar presents a high C amount and ash content that makes
it suitable for amendment in agricultural soils and long-term C sequestration. Biochar
alters not only the amended soil’s physical, chemical, and biological properties but also
influences the nutrient dynamics, immobilizing trace metals, and thereby improving soil
quality and crop yield. However, the application rate of OP biochar may have some
inhibitory effect on seed germination and crop yield, which requires further study. Possibly,
the phenomenon is related to an overdose or inappropriate production of biochar (toxic
polycyclic aromatic hydrocarbons or too aromatic, C-C) that must be previously tested with
the quality indicators presented (pH, CEC, SSA, porosity, H/C vs. O/C, ashes). Overall, the
use of byproducts from olive oil is a promising feedstock to produce sustainable biochar,
though the productive process needs to be further improved and tailored to maximize its
characteristics and applications.
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