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Abstract: Limited knowledge is available regarding biochar (BC) obtained from beach-cast seaweed,
which needs to be characterized to better prospect its potential applications. Beach-cast seaweed BCs
were produced at two temperatures (300 and 600 °C) and two residence times (1 and 3 h). First, an
extensive characterization of feedstock and their derived BCs was performed. Then, an incubation
experiment was conducted to investigate the potential of these BCs as ameliorants in two acidic soils,
classified as Umbrisols. Proximate and elemental analyses suggested the presence of more stable
C structures in BCs at 600 °C with a high C, fixed carbon (FC) and low H, O and volatile matter
(VM); additionally, thermogravimetric graphics showed less weight loss. Some features from the
raw material were present in biochars obtained at 300 °C but absent at 600 °C. Dissolved organic
carbon was much lower in BCs pyrolyzed at 600 °C than at 300 °C, suggesting the higher aromaticity
of the former, allowing more resistance to water extraction. The breakdown of proteinaceous soluble
materials after pyrolysis was revealed by fluorescence. Residence time caused minor effects in biochar
properties compared to temperature. The soil pH and macronutrient availability of the two studied
soils increased after beach-cast seaweed biochar addition.

Keywords: beach-cast seaweed; biochars; valorization; pyrolysis; soil amelioration

1. Introduction

Algae can be converted to chemicals, biofuels and materials; the commercial appli-
cations of algae are important in several fields, including energy, agriculture, and various
industries, as, for example, pharmaceutical, food, textile, cosmetic, glass or paper [1]. In
particular, algae have been identified recently as a valuable raw material to produce renew-
able fuels [2]. The world production of macroalgae (seaweed), on a dry matter basis, has
been estimated at about 12 million t/year, while the microalgae contribution is much lower,
around 9200 t/year [1].

Beach-cast seaweed accumulates on seashores driven by the action of currents, wind
and tides [3]. Once cast ashore, the seaweed can be washed back into the ocean or stay on the
beach. An excess of algae remaining on the beach is considered an environmental problem,
because seaweed stockpiles need to be removed before using the littoral for recreation
purposes. The harvesting of seaweed collected on the beach for specific commercial uses,
as, for example, agar extraction, is not very important. However, this naturally occurring
renewable biomass could be valorized as a char feedstock and produce a stable material for
soil amelioration [4].

Land 2024, 13, 881. https://doi.org/10.3390/1land 13060881

https:/ /www.mdpi.com/journal /land


https://doi.org/10.3390/land13060881
https://doi.org/10.3390/land13060881
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0002-9686-0333
https://orcid.org/0000-0001-6751-2287
https://orcid.org/0000-0001-9642-0875
https://orcid.org/0000-0001-8169-4099
https://orcid.org/0000-0001-6318-8117
https://doi.org/10.3390/land13060881
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land13060881?type=check_update&version=2

Land 2024, 13, 881

2 0f 22

The composition of algae varies between species; typically, protein, lipid and carbohy-
drate contents range between 6-70%, 2-50%, and 4-64%, respectively [5]. Unlike terrestrial
plants, lignin is only present in some red algae [6]. Algae exhibit a higher ash content than
lignocellulosic plant biomass, which can vary between 13.1% to 42.8% on a dry basis, with
a mean value of 26.6% [1]. In this way, algal-based fertilizers and amendments, includ-
ing biochar, differ from those based on lignocellulosic materials [7]. Beach-cast seaweeds
have been converted to fertilizers, contributing to sustainable development and a circular
economy, in different countries of the world [8]. In this way, it has been found that the
composting of macroalgae diminishes their volume on seashores [3], but this is a time-
consuming process, associated with undesirable environmental impacts, including odor
and greenhouse gas emissions [8]. In this scenario, the production of beach-cast seaweed
biochars could be a more suitable approach to manage this feedstock, due to the shortened
production time (a few hours). On the other hand, biochars prepared from different natural
and commercially cultivated algae species have been shown to be efficient in amending
soils and in controlling and remediating harmful environmental pollutants. Hence, the use
of single algae species as char feedstock yielded a product with several defining character-
istics [9-11], with properties suitable for its use as a soil fertilizer [10] but also as part of a
waste valorization strategy [8,12].

Beach-cast seaweed is a low-cost abundant feedstock, and therefore it can be employed
for applications on a large scale [13]. It should be noted that the harvesting of this material
is regulated in many countries and requires licenses, due to its ecological importance. The
economic viability of BC production depends not only on the cost of the raw material but
also on several other factors, mainly the costs of production technologies [13]. In general,
production costs are higher than other costs and are associated with BC’s suitability for a
given use, according to its physicochemical properties. Therefore, the production of BC
from beach-cast seaweed is not expected to be more expensive than that of lignocellulosic
biochar, and its fittingness as a cost-effective soil ameliorant presumably depends on its
unique physicochemical properties. In fact, it has been stated that macroalgal biochar can
serve as a cost-effective fertilizer [13] and a low-cost adsorbent [14].

Pyrolysis temperature and residence time are the main parameters explaining the
properties of BCs from different feedstock, including beach-cast seaweed biochars [4].
Thus, the impact of these parameters on the characteristics of BCs from single natural and
commercial cultivated algae species has been addressed before; however, not always is
this information available [13]. For instance, a seminal study on the characterization of BC
derived from seven algae species did not evaluate the influence of pyrolysis parameters,
still concluding that BCs could work as a soil ameliorant and improve soil carbon seques-
tration [4]. Nevertheless, others studied [15-17] the influence of pyrolysis temperature in
the properties of algal BCs, focusing on the changes in BC yield, ash content, pH, electrical
conductivity, elemental analysis and use for soil phosphate adsorption, implying that the
pyrolysis temperature affected biochars” physicochemical properties [15]. In addition, BC
from Cladophora glomerata was produced at different pyrolysis temperatures (300, 350, 400
and 450 °C) with emphasis on its suitability as a bio sorbent of toxic metals for wastewater
treatment [16]. Also, the influence of pyrolysis temperature in algal BCs and their benefits
as organic nutrient sources have been addressed before [17]. Moreover, investigations into
the use of algal biochar for soil improvement, produced at a single pyrolysis temperature,
have been carried out on six commercially cultivated seaweed species [18].

The abovementioned information shows that algal-based biochars, derived from
natural and cultivated species, exhibit a fast decomposition rate and high available N, P
and K concentrations [12,17]. In addition, reviews on algal BC production and on the use
of algae for bio-oil production, bioenergy and bio-syngas are available [13,19,20]. However,
until now, very few studies have been conducted focusing on the use of beach-cast seaweed
to produce BC. Thus, information about the characterization of BCs derived from this
feedstock is scarce. Our literature review found only a study dealing with Sargassum
cymosum beach-cast BC pyrolyzed at a single temperature of 800 °C for assessing the
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adsorption capacity of acetaminophen [21]; the BC of this single beach-cast species was
characterized by several physicochemical methods, but elemental and proximate analyses
were not performed. In general, the use of biochars from different feedstocks as a soil
amendment has been studied for some years [22-24], but algal BCs have been less frequently
utilized as soil ameliorants compared to lignocellulosic BCs. Again, the majority of research
on marine algae biochar mainly focused on commercial cultivated algae or the waste
generated by this algae industry. Moreover, BC derived from beach-cast seaweed has been
only characterized for a single species, but not for a mixture of different natural species. The
first step to tailor a biochar to a particular type of soil is to characterize its properties. The
characterization of biochar plays a key role in understanding the behavior of and changes
in the physical and chemical properties of biochar compared to the input material [25].

In Galicia, at the NW of the Iberian Peninsula, the use of algae has shifted through
time, from purely traditional agricultural uses to chemical industries, mainly the food
and pharma industries, including the extraction of phycocolloids for human nutrition [26].
The use of raw beach-cast marine algae as a fertilizer has been a traditional practice for
centuries. More recently, the composting of this material has been undertaken. Such uses
can be considered as valuable routes from an economic and environmental point of view.
Nonetheless, and in addition to commercial uses, currently, beach-cast seaweed is consid-
ered as a waste, which needs to be continuously removed during beach-cleaning operations
by territorial authorities.

We used a wide variety of methods to characterize beach-cast seaweed, staying on the
beach and consisting of a mixture of species. These methods included proximate analysis, el-
emental analysis, general properties, total elements content, ashes content and composition,
thermogravimetric analysis, specific surface area, Hg porosimetry, surface morphology,
X- ray diffraction, FTIR spectroscopy and the composition of water extracts, including C
content, UV-Vis and fluorescence spectroscopies. To the best of our knowledge, such a
complete depiction had not been accomplished before for algal-based biochar, derived
either from single species or from beach-cast seaweed formed by various species. Moreover,
until now, beach-cast seaweed BC has not been sufficiently studied, compared with BC
obtained from natural or cultivated algae species and with other feedstock such as lignocel-
lulosic materials or animal manure. In addition, our work provides novel information, as
new methods have been used to characterize beach-cast seaweed BC, particularly UV-Vis
and fluorescence spectroscopies applied for assessing water-extractable organic carbon.
Once characterized, an incubation experiment was carried out in order to assess BCs’ suit-
ability for acidic soil amelioration. At the end of the incubation, the soil pH and nutrient
availability by Mehlich- 3 were evaluated. Based on the above rationale, the objectives of
the present study were as follows: (i) to characterize beach-cast seaweed BCs at different
temperatures and residence times, as part of a beach-cast seaweed valorization strategy,
and (ii) to analyze the effect of these specific BCs on the amelioration of the soil pH and soil
nutrient availability of acidic soils.

2. Materials and Methods
2.1. Raw Material

The beach-cast seaweed was sampled on Cesantes beach (latitude: 42°18/18.5123" N;
longitude: 8°37/01.6680” W), in the municipality of Redondela, Pontevedra (NW Spain).
The sample was a mixture of different species, composed of the green alga Ulva rigida and
some brown algae represented by Fucus spiralis, Pelvetia canaliculate and Himanthalia elongata
and the red alga Gracilaria vermiculophylla. The most abundant alga was the species Himan-
thalia elongata, followed by Ulva rigida and Fucus spiralis. Prior to the production of biochars,
beach-cast seaweeds were washed thoroughly with distilled water to remove unknown
biomass and inorganic impurities. Then, the beach-cast seaweed was homogenized after
grinding. Finally, the feedstock was air-dried for 24 h and then dried in the oven at 60 °C
for 48 h.
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2.2. Biochar Production

Pyrolysis was performed using a 12-PR /400 series 8B furnace (Hobersal, Barcelona,
Spain) with a temperature programmer. For all biochars, 200 g of beach-cast seaweed was
placed in a stainless-steel recipient 20 cm in diameter and introduced into the furnace,
and the temperature was increased at a rate of 3 °C min~! until the desired pyrolysis
temperature was reached. Two temperatures (300 and 600 °C) and two residence times
(1 and 3 h) were tested. The beach-cast seaweed and the produced BCs were sieved to
2 mm prior to their characterization.

2.3. General Properties

The general properties of the biochars and beach-cast seaweed were obtained as fol-
lows: solid density was measured with a Accupyc 1340 helium pycnometer (Micromeritics,
Norcross, Georgia, United States); pH and electrical conductivity (EC) were determined
using a micro pH 2000 (Crison, Barcelona, Spain) and a micro 2201 CM conductivime-
ter (Crison, Spain), respectively, in aqueous suspensions with a ratio of sample-water
of 1:250 (m/v), after 1 h of agitation in a Rotabit and Boxcult 230V agitator (JP Selecta,
Barcelona, Spain); cation exchange capacity (CEC) was determined using the method
proposed by Ciesielski and Sterckeman [27], which involves a Cohex extractant solu-
tion (sample-solution ratio of 0.5:25 m/v) and the measurement of cobalt in an Analyst
400 Atomic Absorption Spectrophotometer (PerkinElmer, Waltha, Massachusetts, United
States). In addition, the easily oxidized organic carbon (C,y;) was determined using the
wet oxidation method described by Walkley Black [28].

2.4. Proximate Analysis

The proximate analyses included the following: (i) The moisture content, measured
by drying the samples in a DBS-30 halogen moisture analyzer (Kern & Sohn GmbH,
Balingen, Germany) operating at 105 °C until a constant sample weight was achieved.
(ii) The mobile/volatile matter (VM), determined in a CR-48 furnace (Hobersal, Barcelona,
Spain) heated to 900 °C, where samples were directly placed for 7 min in covered quartz
crucibles. Thereafter, they were allowed to cool down to room temperature and were
weighed. (iii) The ash contents, determined by introducing the samples into an AAF 11/18
furnace (Carbolite Gero, Derbyshire, United Kingdom) at 900 °C and holding them for 12 h
in covered alumina crucibles. The resident matter/fixed carbon (FC) was calculated as
described in [25] by the following equation:

FC =100% — (%VM+ %Ash) (1)

2.5. Elemental Content

The C, H, N and S contents were determined by dry combustion in a FlashEA1112 ele-
mental analyzer equipped with a MAS200 sampler (Thermo-Finnigan, Somerset, New Jer-
sey, United State), and oxygen (O) content was calculated, following [29], with the formula:

O =100% — (%C + %H + %N + %S + %Ash) )

Then, the higher heating value (HHV) was estimated according to the following
equation, as described in [30]:

HHV (M] kg ') = 0.3491 x C + 1.1783 x H +0.1005 x S — 0.1034 x O — 0.015 x N —0.021 x Ash 3)

2.6. Total Element Content and Elemental Composition of Ashes

Total Na, Mg, P, Ca, Mn, Fe, Cu, Zn and K were measured by inductively coupled
plasma mass spectrometry (ICP-MS) in an ELEMENT XR (Thermo-Finnigan, Somerset,
New Jersey, United States) after sample digestion with 3:1 (v/v) concentrated HC1/HNO3
following the USEPA 3051a method [31]. The elemental composition of the ashes of all
materials was determined by X-ray fluorescence (XRF), using an S4 PIONEER (Bruker
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AXS GmbH, Karlsruhe, Germany) wavelength-dispersive X-ray fluorescence spectrometer
(WDXREF).

2.7. Thermogravimetric Analyses

The thermogravimetric analysis (TGA) was performed in a STA 449F3 analyzer (Net-
zsch, Bayern, Germany) coupled with a differential thermal analyzer (DTA). For the TGA,
each sample was processed and heated up to 1000 °C at a flux of 60 mL min~—! under an N,
atmosphere.

2.8. Surface Area, Porosimetry and Morphological Structure

Physical properties were determined with the following equipment: The BET surface
area (SBET) and pore size distribution were determined from nitrogen sorption isotherms
measured using a TriStar II Plus Version 3.00 analyzer (Micromeritics, Norcross, Georgia-
United States) equipped with MicroActive 5.01 software. The Hg porosimetry analyses
were made with an AutoPore IV Mercury Porosimeter (Micromeritics, Norcross, Georgia,
United States) and MicroActive 5.02 software to process data. The pores were classified
as micropores (<2 nm), mesopores (2-50 nm) and macropores (>50 nm) [32-34]. Scanning
electron micrographs (SEMs) of the biochars were performed in a JSM 6400 microscope
(JEOL, Peabody, Massachusetts, United States) with the purpose of exploring morphological
alterations in the surface of the material during pyrolysis [35].

2.9. X-ray Diffraction (XRD) Analysis

An XRD analysis was conducted to identify the crystallographic structures in beach-
cast seaweed and biochars [25]. The powder XRD technique was used in a D4 Endeavor
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with monochromatized CuK ra-
diation of wavelength A = 0.154 nm, with 40 kV voltage and 50 mA current. The goniometer
diameter was 401 mm. The continuous scan mode was followed to collect 26 data from
10 to 80° in 0.5° steps. The crystalline phases were identified by comparing them with the
diffraction patterns of the standard powder XRD cards compiled by the JCPDS-PDF 2.

2.10. FTIR Spectra

The FTIR spectra of beach-cast seaweed and biochars were measured in transmission
mode using KBr pellets. One milligram of the material was mixed with 200 mg of potassium
bromide (KBr—FTIR grade-Panreac) and ground to a fine homogenized powder in an
agate mortar under an IR lamp to reduce the absorption of air humidity by the mixture.
After that, the resulting powder was pressed to 2 MPa with a Specac Mini Pellet Press to
produce a pellet. The mid-IR spectra of the pellets were measured in a Thermo Scientific
is 10 FTIR spectrometer (Thermo-Fisher Scientific, Waltham, Massachusetts, United States)
in transmission mode, at wavenumbers between 400 and 4000 cm ! with a resolution of
1 cm L. Three different pellets were prepared from each material. Each sample was scanned
128 times, and the final IR spectrum was the average of these spectra. After obtaining one
spectrum, the same pellet was rotated, and the procedure was repeated in order to obtain
two spectra from different parts of the pellet.

After collection, a Savitzky—Golay filter was applied in order to remove noise, and
baseline and scatter effects were corrected using an Extended Multiplicative Scatter Correc-
tion (EMSC) method [36] using the package EMSC in R [37]. The final spectrum for the raw
material and each biochar was the average of 6 corrected spectra (3 pellets x 2 spectra from
each pellet).

2.11. Water-Extractable and Dissolved Organic Carbon

The water-extractable organic carbon (WEOC) was measured in aqueous extracts
using a sample-water ratio of 1:4 (m/v), after agitation for 1 h and filtration at 2.5 um,
by means of a combustion and catalytic oxidation and near-infrared spectroscopy (NIRS)
determination with a Formacs HT analyzer (Skalar, Breda, The Netherlands). In addition,
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the dissolved organic carbon (DOC) was measured with the same extraction and equipment
used for the WEOC prior filtration through a filter with a pore size of 0.45 pum.

2.12. UV-Visible Absorbance and Fluorescence

The UV-Vis absorbance spectra and fluorescence excitation—emission matrices (EEMs)
were measured in WEOC extracts prepared as described in the water-extractable and
dissolved organic carbon section. The UV-Vis absorbance of the filtered extracts was
measured in a 1 cm quartz cuvette in the 200-1000 nm range in 2 nm increments using a
Zuzi UV-Vis 4418 spectrophotometer (Auxilab, Pamplona, Spain). When the absorbance
of the samples was above 1.5, the extracts were diluted to ensure that the measurements
were conducted in the range of concentrations where the Lambert-Beer law applies [38].
The specific UV absorbance at 254 nm (SUVA 54 index), commonly used to characterized
WEOC, was calculated as the ratio of specific absorbance at 254 nm, divided by the optical
path (1 cm) and multiplied by 100.

Fluorescence EEMs were measured in the solid—-water extracts or their dilutions using
a FluoroMax®—4P spectrofluorometer (Horiba, Kyoto, Japan). The excitation wavelengths
were between 220 and 520 nm, and emission was measured at wavelengths between 224
and 700 nm. In both cases, measurements were conducted in 4 nm increments. For each
excitation wavelength, emission intensities (S) were corrected against those measured in
a reference detector (R) as the ratio S/R, to account for differences in the intensity of the
excitation light. Corrections of the EEMs obtained were made following several steps
that included the removal of Rayleigh scattering, inner filter effect correction [39] and the
subtraction of EEMs of blank samples [40]. The resulting EEMs were expressed in Raman
units using a water Raman peak intensity at ex/em 300/397 nm [41]. The total fluorescence
of each EEM was calculated as the sum of all emission intensities in the EEMs.

2.13. Soil Characteristics and Biochar Amendments

To study the application of beach-cast seaweed biochar as a soil amendment, two
of the fabricated biochars, BA300-1h and BA600-1h, were selected and mixed with two
acidic soils. Biochars produced at two different temperatures were sorted out, because
they exhibited contrasting properties, while, on the contrary, residence time led to minor
differences in biochar properties.

Two agricultural soils were sampled at A Corufia province, Galicia, Northwestern
Spain. These soils were developed over contrasting parent materials, namely, Granodiorite
and Schist. The former was collected at A Zapateira (43°19'48” N, 8° 24’37 W: 65 m asl) and
the latter at Anceis (43°16'12” N, 8°21'28"” W; 90 m asl). Both soils are nutrient-poor acidic
and rich-in-organic-matter soils, typical to the Galician region and of large geographic
extent, and they are categorized as Umbrisols [42] or Inceptisols [43]. The soil developed
over Granodiorite was classified as a humic Umbrisol, while the soil developed over Schist
was classified as a cambic Umbrisol; hereinafter, they will we referred to as HU and CU.
The HU soil was sandy loamy textured, while the CU soil was loamy textured.

An incubation experiment was carried out for 8 weeks. Biochars were added to soils
at a 10% rate; thus, for a total mixture of 300 g, 270 g of soil + 30 g of biochar was used. A
control soil was maintained without biochars for each soil (HU and CU). Three treatments
were set up: (i) control soil, (ii) soil + BA300 and (iii) soil + BA600. The control soils and the
amended soils were sieved through 2 mm meshes. The treatments were maintained in an
incubator at 20 °C for four months at a constant weight.

At the end of incubation, the pH and the Mehlich- 3 (M3)-available P, K, Ca, Mg, Fe, Mn,
Cu and Zn were measured. pH was determined using the micro pH 2000 (Crison, Spain),
quoted before for biochar characterization. Determinations were carried out in aqueous
suspensions with a ratio of sample-water of 1:2.5 (m/v), after 10 min of continuous manual
agitation with a glass stirring rod. The available P, K, Ca, Mg, Fe, Mn, Cu and Zn were
measured for controls and amended soils after extraction with M3. The M3 solution was
prepared with acetic acid (CH3COOH), ammonium nitrate (NH4NOj3), ammonium fuoride
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(NH4F), nitric acid (HNOs3) and ethylenediaminetetraacetic acid (EDTA) at 2.5 pH [44].
Incubated samples were placed for 20 min with M3 solution in a horizontal shaker, using
5 g of soil in 50 mL of extractant and then filtered. The extract was measured by inductively
coupled plasma mass spectrometry (ICP-MS) in an ELEMENT XR (Thermo-Finnigan,
United States).

2.14. Statisitcal Analysis

The statistical analyses were performed using Statgraphics Centurion® software Ver-
sion 19.6.03. A one-way analysis of variance (ANOVA) was used to interpret the results.
To perform the ANOVA, the type of material (beach-cast seaweed, BA 300-1h, BA 300-3h,
BA-1h and BA-3h) was used for variables measured during characterization, while the
type of soil and soil plus biochar mixture (CU, CU + BA 300, CU + BA 600, HU, HU + BA
300, HU + BA 600) were used for variables examined in the course of soil amelioration
assessments. After the one-way analysis of variance, a Duncan test was conducted. Mean
values were deemed to be significantly different when p < 0.05.

3. Results and Discussion
3.1. Basic Properties of Beach-Cast Seaweed and Derived Biochars

Table 1 shows the general properties, elemental content and proximate analyses of the
beach-cast seaweed and derived biochars, with all data calculated on a dry basis. The solid
density of the beach-cast seaweed was higher than the derived biochars, except in the case of
BA600-1h. These results were different from those reported by other investigations carried
out with biochars derived from miscanthus grass, mesquite wood and coffee residues,
which showed increases in solid density with the pyrolysis temperature [45,46]. These
authors related the results with the ash content of samples and H/C and O/C ratios;
nevertheless, the ash content in the present data fluctuated between 13.02 and 22.74%.

Table 1. General properties, proximate, element content and elemental ratios of beach-cast seaweed and
derived biochars. Means with same letter are not significantly different (p > 0.05) using Duncan test.

Sample Beach-Cast Seaweed BA300-1h BA300-3h BA600-1h BA600-3h
General properties

Solid density (g cm—3) 1.79 1.63 1.58 1.90 1.54

pH 711+£021a 7.67 £0.07b 835+ 0.11c 9.36 £ 0.06d 9.56 +0.08 d

EC (uSem~120°C) 2450 £ 0.36 a 258.67 +8.39d 1444 +£73c¢ 58.10+3.21Db 5723 £4.43D

CEC (cmolc Kg™1) 11211 £5b 9511 £9.19b 13499 + 41.25b  3695+224a 2758 £1534a
Coxi (%) 32.36 +3.82b 38£184c 4138 +232¢ 443+0.1a 271+0.88a
Proximate analysis
VM (%) 53.81 47.3 451 18.9 16.5
Ash (%) 24.500 25.03 22.66 27.98 29.3
FC (%) 21.69 27.67 32.24 53.12 54.12
Element content
N (%) 1.84 2.88 3.03 2.46 2.50
C (%) 33.79 49.19 51.37 55.31 57.44
H (%) 4.89 4.07 4.10 1.56 1.50
S (%) 0.57 0.80 0.76 0.53 0.52
O (%) 34.42 18.04 18.08 12.16 8.73
Elemental ratios

H/C 1.74 0.99 0.96 0.34 0.31
o/C 0.76 0.28 0.26 0.16 0.11
(O+N)/C 0.81 0.33 0.31 0.20 0.15
HHV (M]J kg~ 1) 8.85 14.85 16.14 14.00 14.75

The pH increased, after thermal treatment of the beach-cast seaweed, with pyrolysis
temperature. For BA300, significant differences were found with residence time, with a
higher pH value for BA300-3h compared to BA300-1h, but for BA600, the residence time was



Land 2024, 13, 881

8 of 22

not relevant for pH. The changes can be attributed to the enrichment in carbonates [47] and
ash content [22]. According to Shinogi and Kanri [48], the increase in pH can be explained
by the complete separation of organic materials and alkali salts at 300 °C. Likewise, Ronsse
et al. [49] observed an increase in pH of materials after pyrolysis and with temperature, but
the range of this shift can vary with the algae species used as raw material.

The EC values increased for the produced biochars compared to beach-cast seaweed
feedstock, and this was more evident for BA300-1h and BA300-3h. The increase in EC can
be attributed to poor graphitization, supported by high values of H/C ratios [50]. In the
present study, the data exhibited the same trend, with the highest values of EC and H/C
ratios for biochars fabricated at 300 °C, compared to those produced at 600 °C. Generally,
in the case of biochars, the EC decreased with the increase in pyrolysis temperature, in
agreement with the results of Nanda et al. [51]. The influence of the residence time on EC
was only evident in BA300, with statistical differences between BA300-1h and BA300-3h
but not for BA600.

The CEC decreased after pyrolysis, with the lowest values for BA600-1h and BA600-3h
compared to the beach-cast seaweed. The same trend was found by Chen et al. [52]. This
change could be due to the losses of the oxygen-containing functional group as the result
of volatilization [53]. CEC values did not depend on residence time. The easily oxidized
carbon (C,yi) was lower for biochars fabricated at 600 °C compared to biochars produced at
300 °C and the beach-cast seaweed. There were no significant differences between the Coxi
for biochars at each temperature with varying residence times. The results were related to
those carbon structures that are easily oxidized for biochars at low temperatures.

The beach-cast seaweed biochars produced at 600 °C presented VM values below 20%,
which were comparatively lower than for biochars at 300 °C and for beach-cast seaweed.
The ash content presented the highest values for BA600-1h and BA600-3h, while the lowest
value was found in BA300-3h. The FC of the samples followed a trend of Algae < BA300-1h
< BA300-3h < BA600-1h < BA600-3h, with an important increase in FC in biochars prepared
at 600 °C.

The influence of pyrolysis temperature on biochars’ properties (ash, VM and FC) is
clear, but in the case of the residence times could not be generalized. The coefficients of
variation were lower than 5%, evaluated for the samples at different residence times, in the
following cases: (i) VM content in BA300 samples, (ii) ash content in BA600 and (iii) FC
content in BA600 samples. The coefficients of variation fluctuated between 5% and 10% for
the samples at different residence times in the following cases: ash content in BA300 and
VM in BA600 samples. The coefficient of variation was greater than 10% in FC content for
BA300 samples with a specific value of 10.79% of the coefficient.

The proximate analyses’ VM, ash and FC allowed one to infer the presence of more
stable C structures in biochars at 600 °C compared to biochars obtained at 300 °C [27],
supported by a high FC and low VM for BA600. The VM, FC and ash content for beach-cast
seaweed biochars were evaluated by other authors [13] with values similar to the ones
obtained in the present work. The VM according to these authors can fluctuate between
50% and 80%, the FC from 10.6% to 18.2% and the ash content between 3.0% and 29.1%.
Therefore, the trends observed in the present research have been previously observed by
other authors [49,54].

The total contents of carbon and nitrogen for beach-cast seaweed were lower than
for the derived biochars. Among biochars, the C content oscillated between 49.2 and
57.4%, and the variability was low. The hydrogen contents were lower for 600 °C biochars
compared to the other materials, but minimal variations (<3% coefficient of variation) were
registered according to the residence time. The sulfur contents were low for all biochars
and for the beach-cast seaweed feedstock. The oxygen content was significantly higher in
beach-cast seaweed (34.4%) compared to the derived biochars. In the latter, values did not
exceed 18%, and for biochars at 300 °C, no significant differences were found between the
two samples, but for biochars at 600 °C, the percentage was lower for BA600-3h compared
to BA600-1h (23.2% coefficient of variation). Therefore, oxygen content decreased after the



Land 2024, 13, 881

9 of 22

thermal treatment of the beach-cast seaweed. The atomic ratios H/C, O/C and (O + N)/C
showed a similar behavior, with higher values for the beach-cast seaweed compared to the
derived biochars.

The percentages of total hydrogen and oxygen in the BA600 samples indicate that high
temperatures produces dehydration and decarboxylation reactions, supported by low H/C
and O/C ratios [55,56]. In this scenario, the high O/C ratio can suggest the presence of
more hydroxyl, carboxylate and carbonyl groups [55] for beach-cast seaweed, with higher
values compared to those obtained for BA600-1h and BA600-3h. In general, the changes
in biochars” chemical properties were related to pyrolysis temperature. Other authors
have stated that pyrolysis temperature and biomass (raw material) have a determinative
influence on biochar properties (composition, toxicity and agronomic properties) [57].

Regarding HHV data, the lowest amount was found for beach-cast seaweed. Values
increased for the derived biochars, but they did not exceed 16.14 MJ kg~!. These figures
were lower than those obtained for agricultural waste biochars [58] at different temperatures
(250, 350 and 450 °C), with HHV values ranging from 23.08 to 24 MJ kg’l. Nonetheless,
the feedstock of the aforementioned biochar corresponds to lignocelullosic materials (date
leaves, ornamental plant residues, grass clippings and coconuts leaves). Comparing the
present HHV values with the results obtained by Méndez et al. [12] for hydrochars from
macro algae waste, a similar trend was found, with increasing HHV after the thermal
process; however, the values were higher, ranging from 18.49 MJ] kg~ ! for the raw material
to 23.25 MJ kg~! for hydrochar produced at 230 °C and 6 h of residence time. These
differences could be due to the thermal process used to transform the biomass. In the case
of hydrothermal carbonization, the working temperatures are lower than in pyrolysis, but
the process is performed at a higher pressure.

As stated in the materials and methods section, in our work, a mixture of algae was
used (Ulva rigida, Fucus spiralis, Pelvetia canaliculata, Himanthalia elongata and Gracilaria
vermiculophylla). However, the elemental content has some similarities with the results
reported by Parsa et al. [59] for Gracilaria gracilis and Cladophora glomerata, some macro
algae used for biocrude production. According to the present work, the HHV data imply
an increase in the calorific value of the materials after pyrolysis that can be suitable for the
application of beach-cast seaweed biochar. Comparisons among biochars derived from
various algae species can have considerable differences, as shown in a study for eight
individual algal species [10].

3.2. Total Elemental Content and Ash Composition

Table 2 presents the total elemental concentration of macronutrients and micronutrients
for the beach-cast seaweed and derived biochar samples, while the composition of ashes
expressed as oxides is shown as Table S1. The total Ca and Mg showed the highest element
concentrations for all the studied samples. The total Ca and total P increased with increasing
pyrolysis temperature. The total K concentrations in all materials were lower than 1 g kg !
except in BA300-1h, with 1.16 4 0.43 g kg . The Mg concentration was highest for BA600-
1h, with a value of 28.97 & 1.25 g kg~ !, compared to the rest of the materials, and it increased
in biochars compared to beach-cast seaweed feedstock. In the case of Fe, the beach-cast
seaweed presented the lowest quantity among the samples, with 2.85 & 0.11 g kg ~!, and
this element increased in the derived biochars. The amounts of total Cu and Zn were similar
for beach-cast seaweed and biochars obtained at 300 °C, and higher for biochars obtained at
600 °C. Each element had a different trend among the samples, but in general, the pyrolysis
temperature plays an important role, while a change in residence time did not result in
significant changes; however, this was not the case for Ca, Mg and Zn, because statistical
differences between residence times were found for these elements.
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Table 2. Total elements content (g kg~ 1) for beach-cast seaweed and derived biochar samples. Means
with same letter are not significantly different (p > 0.05) using Duncan test.

Beach-Cast Seaweed BA300-1h BA300-3h BA600-1h BA600-3h
P 1.55 £+ 0.09 a 1.82 £ 0.02b 1.95+0.07b 3.16 £ 0.13 ¢ 3.33+0.15¢
K 0.27 £0.01 a 1.16 =043 ¢ 0.87 £ 0.03 b,c 0.75 £+ 0.07b 0.72 £0.03b
Ca 36.56 =3.75a 45.6 = 0.31Db 43.73 +4.13b 6549 +426d 58.58 & 2.76 ¢
Mg 1052 +0.72 a 1952 £ 0.19b 20.21 £ 0.65b 28.97 £1.25d 24.44 + 0.89 ¢
Fe 285+0.11a 3.61 £0.06b 3.74+0.15b 458 £0.21c¢ 446 £0.13 ¢
Mn 0.14+0.01a 0.22 £0.02b 0.24+0.02b 0.27 £ 0.02 ¢ 0.27 £ 0.02 ¢
Cu 0.02 +0.001 a 0.02 £ 0.001 a 0.02 +0.001 a 0.03 £ 0.003 b 0.03 +£0.001 b
n 0.13+0.01 a 0.11+0a 0.11 £0.01a 0.18 £0.01b 0.23 +£0.02¢

There was a noticeable increase in macro element concentrations with the increasing
of pyrolysis temperature compared to beach-cast seaweed. These results were consistent
with those reported by Michalak et al. [16], with greater values of Ca, Mg, P and K with the
increase in pyrolysis temperature. These findings allow to speculate on the possibility of the
materials being a nutrient supply for soil and, more generally, resulting in the improvement
of crop productivity, particularly in acidic soils [4].

The composition of the ashes determined by and expressed in oxides is shown as
Table S1. The concentrations of the main oxides ranked as follows: CaO > MgO > 5iO, > SO3
> Al;O3. The total element content determined by acidic extraction and ash composition
measured by FRX indicate that Ca and Mg were the most abundant elements in the beach-
cast seaweeds and their derived biochars. In general, the total elemental contents of the
feedstock and biochars increased with increasing ash content, but this was not the case
for oxide content in the ashes. For example, CaO contents in the ashes were rather close,
ranging from 9.1% to 9.7%, but MgO contents increased with increasing ash content and
thus with increasing pyrolysis temperature and residence time. Noteworthily, beach-cast
seaweed contained more SiO; and Al,O3 than the resulting biochars, while SO5 strongly
decreased after combustion at 600 °C; similar trends in oxide concentrations following
pyrolysis have been previously observed [1].

The higher ash content commonly present in seaweed compared to terrestrial plants is
consistent with the accumulation of inorganic substances as mineral depots, which has been
verified in many algae species. Both inorganic non-crystalline and crystalline forms may
be present in natural conditions. In addition, low quantities of sand particles and mussel
debris might be found as impurities and eventually contribute to increase the ash content.

Calcification, i.e., the crystallization of calcite, is the most common process of mineral
incorporation into seaweed [1,7,60]. Part of the calcite might be transformed later into
calcium hydroxide. Thus, the highest contents of total Ca and CaO obtained in this study
are compatible with algae calcification. This notwithstanding, mussel debris could also
contribute to increase CaO content.

Biogenic silica may also be present in algae and their ashes, as a non-crystalline form [1].
In addition, the contribution of silica or silicates to ashes may result from several potential
types of contamination, for example, by the deposition of sediments or diatoms (microalgae
with a silica wall) on the debris, which has been evidenced in the SEM images of the sample
BA300-1h (Figure S1). Moreover, the observation that, with increasing temperature and
ash content in biochars from beach-cast seaweed, less silica was measured by XRF, may be
explained by an increase in the semi-crystalline or non-crystalline phases of SiO, during
pyrolysis, which are not measured using this technique [60].

In addition, amorphous or semi-crystalline phases of substances containing MgQO,
503, P70s5, KO, etc., and other oxides measured in the ashes could be formed during
the pyrolysis process, but the resulting mineral phase was not identified due to the low
resolution of the XRD.
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3.3. Thermogravimetric Analysis (TG)

Figure 1 represents the TG curves of the beach-cast seaweed and derived biochars.
The beach-cast seaweed showed a first mass loss of 5.05% between 22-200 °C. After this
point and up to a temperature of 570 °C, the second mass loss was identified, showing
the highest percentage, with a value of 44.48%. Finally, two subsequent small mass losses
of 4.74% and 3.61% were recognized at about 740 °C and 1000 °C, respectively. For the
sample BA300-1h, the first mass loss ended around 200 °C, with a 1.94% mass loss. Then a
35.59% mass loss was observed until 625 °C, and a continuous weight loss of 10.23% was
identified until the highest temperature plotted. The data for the BA300-3h sample showed
a significant mass loss of 31.70% between 200 °C and 600 °C. At the initial temperature
until 200 °C, the percentage of loss was 1.78%, and after 600 °C until 1000 °C, it was 11.42%.
The changes in mass for biochars obtained at 600 °C displayed only two mass loss zones;
the first one corresponded to the initial temperature until 330 °C, with 1.28% and 1.96% for
BA600-1h and BA600-3h, respectively. In the range of >330 °C to around 1000 °C, the mass
loss percentages were 18.13% for BA600-1h and 14.70% for BA600-3h.
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Figure 1. TG curves for the beach-cast seaweed and the derived biochars samples: BA300-1h, BA300-3h,
BA600-1h and BA600-3h.

Figure 2 denotes the DTA curves, with three noticeable zones for the beach-cast
seaweed; the first corresponds to 0.86% min~! at 112.3 °C, the second to 3.29% min ! at
334.4 °C and the last one to 0.42% min—! at 681.6 °C. For BA300-1h, the three zones of
DTA were —0.42% min~!, —1.76% min~! and —0.65% min~! at the following temperatures
99.9 °C, 422.5 °C and 693.6 °C, respectively. For BA300-3h, the DTA exhibited the following
peaks: —0.36% min~! at 105.3 °C, —1.82% min~! at 443.7 °C and —0.70% min ! at 695.3 °C.
For BA600-1 h, the first point was —0.22% min~! at 103.5 °C and the second one was
—0.55% min~! at 689.5 °C. For BA600-3h, the first point was —0.21% min~"! at 102.4 °C and
the second one was —0.59% min~! at 699.5 °C.

The thermogravimetric analysis allowed conclusions to be drawn about the thermal
stability of the samples. According to the TG and DTA graphics, the more stable material is
the biochar pyrolyzed at 600 °C, with only two relatively small zones of weight loss. This
was supported by the results obtained in the elemental and proximate analysis and the low
H/C ratios, in agreement with the data found by other authors [61].
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Figure 2. Differential thermal analysis (DTA) curves for the beach-cast seaweed and the derived
biochars samples: BA300-1h, BA300-3h, BA600-1h and BA600-3h.

3.4. Porosity and Surface Area

Table 3 shows the SggT, porosity and pore volume for the beach-cast seaweed and the
derived biochars. The Sggt increased slightly after pyrolysis, and the highest values were
the ones of biochar at 600 °C, but no differences were found between residence times at
this temperature. In general, the values for Sggr were lower than 2 m? g~!. The porosity
of samples varied between 44.81% and 54.77% with the lowest value for BA300-3h and the
highest for the beach-cast seaweed. The micropore volumes were below the detection limit,
while the mesopore volumes were low, compared to the macropores volume. Figure S2
represents the cumulative pore volume for all samples related to the pore size diameter,
where the beach-cast seaweed presented a higher pore volume than the biochars. In addition,
the morphology exhibited in the SEM images (Figure S3) can support the data obtained in
the surface and porosimetry analyses, with a less microporous surface.

Table 3. Spgt, porosity and pore volume of mesopores (V meso) and macropores (V macro) for
beach-cast seaweed and derived biochar samples.

Sample SBET (m? g~ 1) Porosity (%) V meso (cm® g—1) V macro (cm3 g~ 1)
Beach-cast seaweed 0.892 54.77 0.04 0.74
BA300-1h 0.9569 45.89 0.04 0.48
BA300-3h 0.9886 4476 0.03 0.48
BA600-1h 2.0444 51.71 0.07 0.55
BA600-3h 2.1869 44.81 0.06 0.41

The surface area of biochars at 300 °C did not change compared to the beach-cast
seaweed, but for biochars at 600 °C, the values increased, indicating the important role
of pyrolysis temperature in this physical characteristic. The same trend was found for
eight biochars from different algae species [4], with a change from 1.15m? g~! at 305 °C to
426 m? g~!at512°C.

The use of biochar as a soil amendment due to its porous structure and high surface
area is well known, and the presence of macropores might be useful for soil microbiota [34].
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3.5. X-ray Diffraction

XRD difractograms from the beach-cast seaweed and the derived biochars (Figure 3)
showed, on the one hand, broad humps, which indicated the amorphous and semi- or
pseudo-crystalline nature of organic structures and, on the other hand, sharp peaks, which
reflect the presence of inorganic minerals.
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Figure 3. X-ray diffraction analysis (XRD) for the beach-cast seaweed (algae) and the derived biochar
samples.

All the samples studied present a quartz peak at about 26 = 26.7°. However, the
intensity of this peak is much higher in the feedstock and in biochar produced at 600 °C
than in biochar at 300 °C. Nevertheless, the presence of crystalline SiO, in sample BA300-1h
is proved by salient peaks at 20 = 67.8° and 20 = 68.3° (overlapping with a calcite peak);
similarly crystalline SiO, in sample BA300-3h is evidenced by a sharp peak at 28 = 59.9°
and other minor peaks along the difractogram. Calcite peaks at 20 = 29.5° and in other
positions with moderate to low intensities were found in all the studied samples. In addition,
crystalline calcium hydroxide (portlandite) also was observed, frequently overlapping calcite
peaks; this phase could be newly formed from the hydroxylation of lime by sea water or
even air moisture during accumulation at the shore or storage, respectively [1].

In summary, it was found that calcite, quartz and pentlandite were the major predom-
inant crystalline phases. The dominance of these inorganic minerals associated with the
sharpest XRD peaks is consistent with the higher contents of CaO, and MgO, SiO, in the
ashes (Table S1). In addition, a few crystalline and semi-crystalline phases in the derived
biochars close to the XRD detection limit belonging to minerals with P, Na, Mg and Al have
been detected.

Also, the XRD showed the formation of highly ordered aromatic structures, with
increasing pyrolysis temperature. The amorphous structure of the beach-cast seaweed
difractogram, with a broad hump at 20 from about 12° to 25°, is compatible with hydrated
proteinaceous and carbohydrate materials. Notably, increasing pyrolysis temperatures re-
sulted in broad peaks at the 20 values of around 23° and 43° that indicated the development
of atomic order in the increasingly carbonized material. The diffraction patterns at 300 °C
indicate the presence of amorphous and semi-crystalline cellulose. With an increasing
pyrolysis temperature at 600 °C, some partial crystalline structures of cellulose has been
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lost. Notwithstanding the diffraction pattern of the sample, BA600-3h showed the presence
of crystalline graphite.

In the crystalline phases, the presence of calcite and portlandite were consistent with
the previous findings of algae calcification [62,63] and hydroxylation, respectively. In
addition, the crystalline SiO, in the beach-cast seaweed is of biogenic origin, even if some
silicate impurities, resulting from the incomplete washing of mineral particles, should not
be excluded. Altogether, the XRF analysis of ashes and XRD support the hypothesis that
most of the ashes in the beach-cast seaweed do not originate from contamination but have
a biogenic origin.

3.6. FTIR Spectra

The FTIR spectra of the beach-cast seaweed and the derived biochars obtained with
two pyrolysis temperatures and two residence times are presented in Figure 4. The most
relevant changes in functional groups were dependent on the temperature of the pyrolysis,
while the residence time had a minor effect. Changes in FTIR spectra with pyrolysis treat-
ment included a decrease in the contribution of regions 3100-3600 and 1500-1700 cm ~*
to the spectra, which are associated with free -OH groups, including water. This change
is more evident at 600 °C. Thus, increasing the temperature led to the dehydration of
beach-cast seaweed, but also to a progressive decrease in surface -OH functional groups.
In addition, pyrolysis led to the disappearance of the peaks at 1329, 1266 and 985 cm™!,
associated with cellulose [64], and 1053 cm ™!, which is assigned to the C-O-C and C-OH
functional groups, related to the presence of polysaccharides, phenols and esters [65]. The
peak at 1157 cm~!, which also disappeared at the lowest pyrolysis temperature, is related
to the presence of the C-O of carbohydrate rings [66]. The removal of these peaks occurred
at the lowest temperature and residence time, indicating the thermal transformation of
polysaccharides in the beach-cast seaweed. Other changes include the decrease in the inten-
sity of the peak at 1643 cm ™!, which is usually assigned to C=O carboxyl and amides [67],
and that at 1594 cm ™!, related to asymmetric carboxylic stretching [68]. These changes
occur mainly at the highest temperature. Bands at 2958, 2917 and 1376 cm ™! indicate the
presence of aliphatic C-H functional groups [69,70]. Changes in these functional groups
were observed only at a temperature of 600 °C, with a residence time of 1 h.

1424 1096
JJ
i — L/ s
1 ~~— BA600_3h
L1
{1 M BAG00_1h

. — BA300_3h

Absorbance

Mgﬂ

‘//\
_J/\ %g |_ BA300_1h
E J/\ N \HWLA\ ~ Ngae

T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm’”

Figure 4. Fourier transform infrared spectra of the beach-cast seaweed (algae) and the derived biochar
samples.
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Concomitant to the decrease in the intensity of these bands, other ones become more
prominent after pyrolysis. These include the bands at 1422 cm !, related to aromatic C=C
bonds, at 1376 cm ™!, commonly assigned to aliphatic C-H [70], and at 872 cm~!, which is
indicative of the presence of C-H and C=C functional groups in aromatic compounds [71].

Based on these observations, it seems that pyrolysis produced the breakdown of
polysaccharides, which occurs at the lowest temperature, and a progressive removal of
O-containing functional groups (OH and carboxyl), which occurs at different temperatures,
depending on their nature. At a temperature of 300 °C, some features from the beach-cast
seaweed are still present, like the presence of OH and carboxyl peaks. Concomitant to
the removal of O-containing functional groups, an increase in the importance of aromatic
structures and C-H functional groups can be observed.

3.7. Soluble Organic Carbon, UV Absorbance and Fluorescence

The production of biochar at 300 °C led to a very high increase in both WEOC (filtered
at 2.5 um), which includes particulate and colloidal matter, and DOC (filtered at 0.45 um),
with respect to the feedstock (Table 4). This increase is probably a result of the cracking
of large biomolecules, including polysaccharides, on the cell walls and algae tissues that
release smaller compounds. However, when pyrolysis was performed at 600 °C, the amount
of WEOC and DOC dramatically decreased to values below those of the original beach-cast
seaweed. At both temperatures, residence time had a minor effect on the amounts of WEOC
and DOC released, with a slight reduction when increasing it from 1 to 3 h. Regarding DOC,
similar results, with high values for biochars produced at lower temperatures compared to
those produced at high temperatures, were found by other authors [72,73].

Table 4. Water-extractable organic carbon (WEOC), dissolved organic carbon (DOC), specific ab-
sorbance at 254 nm (SUVA,s54) and ratio between total fluorescence and DOC of beach-cast seaweed
and derived biochar samples.

WEOC (<2.5 um) DOC (<0.45 um) SUVAj 54 Fluorescence/DOC
mgL-1 mgL-1 cm~1 cmnImg-1L
Beach-cast seaweed 17.21 8.99 0.07 5074.60
BA300-1h 1478.64 1217.56 0.13 2403.73
BA300-3h 1207.46 823.31 0.14 2778.24
BA600-1h 3.98 3.38 0.02 509.25
BA600-3h 3.23 3.13 0.01 653.81

Changes in C extractability was accompanied by changes in WEOC composition, as
indicated by the optical properties of the extracts. The SUVAs54 of the extracts increased
with pyrolysis at 300 °C. This parameter is commonly related to the presence of aromatic
compounds in WEOC [74], and thus it should be assumed that OM transformations re-
sulted in a larger proportion of aromatic compounds compared to aliphatic ones in the
WEOC of these biochars. Once again, biochar formation at the highest temperature ap-
parently reduced the proportion of aromatic compounds in WEOC, as compared with
both the original material and the biochar produced at 300 °C. Since pyrolysis at 600 °C
resulted in the lowest WEOC and DOC concentrations, the decline in SUVAjs4 suggests that
concentrations of hydrophilic water-soluble aromatic compounds decreased to a higher
degree than aliphatic water-soluble compounds. Reactions at high temperatures seem
to include condensation/polymerization processes, besides a more intense oxidation of
OM, that lead to the formation of polymerized larger-size aromatic compounds that resist
extraction by water, thus leading to water extracts showing lower aromatic fractions and
higher proportions of aliphatic compounds [75,76].

Total fluorescence, normalized to DOC, revealed that heating at 300 °C produced
water extracts with less fluorescent material as compared to the original material (Table 4).
According to these results, even though pyrolysis at this temperature produced a larger
amount of soluble organic compounds than beach-cast seaweed, these seem to include a



Land 2024, 13, 881

16 of 22

lower proportion of fluorescent material than the feedstock. This phenomenon is more
pronounced with an increasing heating temperature.

Excitation-emission matrices of the water extracts obtained for the five materials are
presented in Figure 5. Significant changes in the location of the fluorescence peaks are
evident among the treatments. Once again, the main changes were observed with the
pyrolysis and variations in its temperature, while the residence time had minor effects. The
raw material showed a peak at Ex 272 /Em 348 nm, which is caused by tryptophan and is
indicative of the presence of proteinaceous material. This peak disappeared in all biochars,
indicating that pyrolysis produced a breakdown of proteinaceous materials. Heating also
produced changes in the relative intensities of peaks at 241 /450 and 314/430 nm, which
are related to fulvic-like and humic-like materials, respectively [77].
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Figure 5. Fluorescence excitation—emission matrices of the water extracts of the beach-cast seaweed
(Algae) and the derived biochar samples.

In the extracts of the beach-cast seaweed, the intensity of the peak with shorter excita-
tion wavelengths was larger than the one with longer excitation wavelengths. However,
this situation is reversed after pyrolyzing the beach-cast seaweed at 300 °C, where we can
observe a larger intensity of the red-shifted peak compared to the blue-shifted one. The
pyrolysis at 600 °C once again reverses the situation. Thus, it seems that pyrolysis at 300 °C
produces water extracts with more soluble compounds, more aromatic, less fluorescent,
than the beach-cast seaweed. These fluorescent components are enriched in humic-like
compounds, with a larger molecular weight. An increase in the treatment temperature to
600 °C produced less soluble organic material, less aromatic, less fluorescent, and with
more fulvic-like material (with a smaller molecular weight) than the other treatments.
These results are consistent with the presence of less aromatic structures in the biochars
produced at 300 °C compared to those produced at 600°C. Thus, the higher the aromatic
structures and recalcitrance of the beach-cast seaweed-derived biochars, the lower they are
in their respective water extracts.

3.8. Effect of Beach-Cast Seaweed-Derived Biochars Addition in Two Acidic Soils

The soil initial pH was 5.47 =+ 0.09 for the cambic Umbrisol (CU) and 4.98 + 0.05 for
the humic Umbrisol (HU). Therefore, the former soil is characterized as strongly acid and
the latter as very strongly acid; significant differences (p < 0.05) were found between the
pH of the two studied soils (Figure 6). The biochar pH increased with increasing pyrolysis
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temperature; it was 7.67 = 0.07, i.e., slightly alkaline for BA300-1h, and it was 9.36 £ 0.06,
i.e., very strongly alkaline, for BA600-1h.
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Figure 6. pH values of control soils and soils amended with beach-cast seaweed biochars. The black
bars correspond to CU treatments and blue bars correspond to HU treatments.

The soil pH showed consistently positive responses to biochar amendment (Figure 6);
overall, very significant differences (p < 0.001) were found between the initial soil pH, i.e., the
control soil, and the biochar-amended soils, consistent with results from other authors [78,79].
Biochar pyrolysis temperature did not show significant effects in the pH of the amended
CU soil; however, pyrolysis temperature significantly (p < 0.05) influenced the pH of the
amended HU. Application of biochar produced at 300 °C resulted in a slightly alkaline pH of
the HU soil; on the other hand, application of biochar produced at 600 °C to the HU soil and
that of biochar produced at 300 °C and 600 °C to the CU soil resulted in moderately alkaline
pHs. Moreover, the relative pH increases of the amended soils, relative to the control soil,
were higher in the HU soil (54.42% and 68.88% for BA300 and BA 600, respectively) than in
the CU soil (50.27% and 49.73% for BA 300 and BA 600, respectively). The higher response
of soil pH in the HU soil than that of the CU soil is consistent with the coarser texture and
lower initial pH [78] of the former compared to the latter. Soil pH increases after biochar
application are related to biochar alkaline characteristics; biochar contains Ca, Mg, K and
Na (Table 2), likely in the form of oxides and carbonates (Table S1); these become alkaline
after dissolution in water, allowing the neutralization of soil acidity [79,80].

Extractable M3 macronutrient, i.e., P, K, Ca and Mg, concentrations very significantly
(p< 0.001) increased with biochar addition, both in the CU and the HU soils (Table 5).
Regardless of soil type, the available concentrations of these macronutrients were highest
for biochar produced at 300 °C than for the 600 °C counterpart. Thus, results for M3-
available K, Ca and Mg are consistent with the greater CEC of biochar pyrolyzed at 300 °C
than that of biochar pyrolyzed at 600 °C (Table 1).

Comparison of Tables 2 and 5 shows that the response of macronutrientstotal contents
of biochar and available contents of soil plus biochar mixtures to the pyrolysis temperature
is opposite; this suggests that macronutrient availability is associated to soluble but not to
total fractions.

In general, beach-cast seaweed biochars are rich in macronutrients compared to
biochars produced from lignocellulosic feedstocks. In particular, the former feedstock
yield biochars with lower C contents but higher available macronutrients and exchangeable
cations than the latter. For example, it has been reported that seaweed biochars had high
concentrations of N, P and K [12,13,19]. Similarly, high N, P, Ca and Mg contents in algae
species have been proven [23]. Compared to these previous results, in our case study, N,
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P, Ca and Mg total concentrations and ash concentrations (Tables 1 and 2 and Table S1,
respectively) can be considered high, while K concentrations are relatively low.

Table 5. Available element (P, K, Ca, Mg, Fe, Mn, Cu and Zn) in mg kg*1 content in control soil
and soils amended with beach-cast seaweed biochars. Means with same letter are not significantly
different (p > 0.05) using Duncan test for CU (lower case) and HU (upper case) soils independently.

CU CU+BA300 CU+BA600 HU HU+BA300 HU+BA600
p 77.57 £5.46 a 22798 £18.29 ¢ 14324 £4.39b 141.55 £ 6.85 A 256.23 +11.27 C 1874 +9.2B
K 308.67 £ 6.72 a 451.05+82c¢ 402.37 £1.26Db 164.14 £ 6.87 A 264.54 £9.86 C 202.81 £17.52B
Ca 27649 £4.74 a 3986.77 £ 53.72c  1440.85 £ 25.35b 71438 £22.1 A 422446 +120.87C  2845.27 £91.7B
Mg 61.6 +7.13a 2073.73 £39.44 ¢ 317.37 £2.65b 12267 £3 A 2096.59 + 87.33 C 650.11 =34.97 B
Fe 385.1+36.44Db 347.49 +21.65Db 2042 £ 1347 a 257.47 £9.97 A,B 317.72 £21.39 B 183.35 £ 66.29 A
Mn 12243 +7.14D 148.7 £3.69 c 5494 £3.17 a 26.85 £2.87 A 131.77 £4.44B 29.81 =48 A
Cu 149 +£001a 1.56 £ 0.09 a 212 +0.09b 397 £0.15A 359+0.13A 408+ 129 A
Zn 2.35+0.08 a 10.87 £04b 1128 £0.39b 898 £0.38 A 18.68 £ 0.01 B 11.53 £322 A

The relative increases in macronutrient concentrations were higher for the CU than
for the HU soil and for the algal biochar produced at 300 °C than for the counterpart at
600 °C. Differences between soils could be linked to initial soil pH. Regardless of soil type
and pyrolysis temperature, relative increases in macronutrients ranked as Mg > Ca > P > K.

Changes in micronutrient concentrations after biochar addition did not show a common
pattern. In the CU soil, amendment with biochar pyrolyzed at 300 °C increased available
Fe, Mn and Zn concentrations and had no effect on Cu concentrations; on the other hand,
amendment with biochar pyrolyzed at 600 °C decreased available Fe and Mn and increased
available Cu and Zn concentrations. In HU soil, no effects of biochar addition were found
on Cu concentrations, irrespective of the pyrolysis temperature; on the other hand, Mn and
Zn concentrations were significantly higher after the addition of biochar produced at 300 °C
than at 600 °C, while there was no significant effect of biochar additions on Fe concentrations.
Soil type, pyrolysis temperature and pH are the main factors affecting increase or reduction
in micronutrient availability.

The addition of beach-cast seaweed biochars to soils can be highly effective in ameliorat-
ing agricultural soils and improving soil fertility. Algae are rich in nutrients, which in turn
are concentrated in the resulting biochars. Beach-cast seaweed biochars increase soil pH and
nutrient levels. Moreover, the utilization of these biochars can reduce the demand for chemi-
cal fertilizers, providing environmental benefits. Our results also suggest that ameliorating
soil chemical properties by biochar amendment depends not only on biochar characteristics,
but also on soil properties, especially soil pH, and soil texture. Thus, improving soil fertility
by biochar addition requires that local soil factors should be considered.

4. Conclusions

The results obtained by thermogravimetric analysis, elemental analysis and proximate
analysis show an important trend indicating that the beach-cast seaweed biochars fabri-
cated at 600 °C were more stable materials. This can be attributed to the presence of organic
aromatic compounds. The opposite occurred in the SUVAs54 of the water extracts, a param-
eter related to the presence of aromatic compounds, where the data values were higher
for biochars fabricated at 300 °C. These results imply that at a high pyrolysis temperature,
the changes were due to the formation of polymerized larger-size aromatic compounds
that resist extraction by water and resulted in low SUVAj54, WEOC and DOC values for
biochars produced at 600 °C. Therefore, in the studied case, the use of fluorescence, a novel
technique for the characterization of algal biochars, confirms the presence of more soluble
and more aromatic compounds at 300 °C than at 600 °C.

Regarding the influence of pyrolysis parameters such as temperature and residence
time, it was clearly shown that the residence time led to minor differences when compared
to temperature in the properties of beach-cast seaweed biochars.
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As a general trend, the presence of inorganic materials in beach-cast seaweed and
the derived biochars could be related either with the feedstock (biogenic source) or with
external impurities. The information provided by XRF and XRD suggest that most inorganic
materials identified on beach-cast seaweed and the derived biochars are of biogenic origin.
However, detrital materials, including diatoms, mussel debris and sand or clay grains
could be present, despite the diligent washing of the original feedstock.

The pyrolysis of beach-cast seaweed led to a carbonaceous material that may be useful
as a soil amendment due to its high macro elements content. A soil amendment experiment
showed that after 8 weeks, the pH of acidic soils increased to alkaline levels. Moreover, the
increase in alkalinity degree depended on the soil type. Biochar addition also increased
M3-extractable macronutrients (P, K, Ca and Mg), suggesting soil fertility improvement
in the acidic soils amended with beach-cast seaweed biochars; regardless of soil type, the
concentrations of these macronutrients were highest for biochar produced at 300 °C than
for the 600 °C counterpart.

In addition, beach-cast seaweed biochars can be a suitable strategy for waste val-
orization. However, this approach needs to be completed with a life cycle analysis of the
biochars that includes the economic perspective.

Overall, this study suggests that the use of biochar derived from beach-cast seaweed
as a soil amendment can deliver substantial nutrient benefits to soils and possible improve-
ments in crop productivity, but that there is a need to scale this up, not only in laboratory
trials, but also under field conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1and13060881/s1. Table S1. Composition of ashes (% oxides)
of beach-cast seaweed (algae) and the derived biochars samples. Figure S1. Scanning electron
microscopy (SEM) of BA300-1h at 1000X. Figure S2. Cumulative pore volume for beach-cast seaweed
(algae) and the derived biochars samples. Figure S3. Scanning electron microscopy (SEM).
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