(L9ESEARCH ARTICLE
doi: 10.2306/scienceasial513-1874.2021.032

ScienceAsia 47 (2021): 220-227

Aluminum- and iron-engineered biochar from
sugarcane filter cake as phosphorus adsorbents and
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ABSTRACT: Reclamation of phosphorus (P) from wastewater using metal-engineered biochar and its reuses as
phosphate fertilizers could be an eco-friendly and effective technology for the sustainability of environmental and
agricultural systems. Herein, we studied the P removal capacity of filter cake-engineered biochar loaded with Al and
Fe and examined their available P release capability into the sand sample. The Al-biochar (63.7 mg/g) had a higher P
retention capacity than the Fe-biochar (33.2 mg/g). Over 45 days of the incubation, Al- and Fe-biochar incorporation
steadily or increasingly released adequate concentrations of available P to the sand sample. Furthermore, a considerable
P fraction (99.4-99.8% of the total P) remained in all metal-biochar samples, suggesting that the metal biochar could be
a long-term source of the available P pool. This study highlighted the potential use of Al- and Fe-biochar for providing

available P availability in sandy soils.
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INTRODUCTION

Biochar is a carbon-rich material with high stability
produced by the carbonization of biomass under
limited oxygen [1,2]. This material has various
benefits such as promoting the water and nutri-
ent retention capacity in soils and improving plant
productivity [1,3]. Biochar is also documented as
a low-cost and eco-friendly technology for reusing
agricultural wastes to recover nutrients such as
nitrate and phosphate from wastewaters that oth-
erwise typically cause eutrophication in aquatic
ecosystems [4,5]. Engineering biochar with met-
als has been an effective method, among several
approaches, to elevate biochar chemical reactivity
for the removal of such pollutants from industrial
wastewater [6-9]. The metal-engineered biochar
after wastewater P removal (P-laden biochar) is
abundant in phosphate and has been proven for
reuse and P-recycled fertilizer [7, 10].

To date, different metals such as Al and Fe
have been used to produce engineered biochar
[7,11,12]. Precipitated metal (oxyhydr)oxides in
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the biochar framework could act as the main adsor-
bents for P. Al-biochar and Fe-biochar containing
respective metal oxides like gibbsite (AIOOH) and
magnetite (Fe,0,) have also been documented as
excellent P adsorbents [11-13], but the information
on their effects on soil P availability is lacking.

Soil phosphorus (P) availability is quite limited
in many soil types such as sandy soils [14,15].
Conversely, P limitation in sandy soil is inherent
from its properties, in which commonly there are
low amounts of the clay-sized fraction with high
chemical reactive sites for nutrient retention, which
can promote nutrient losses through leaching by
drainage [16]. Deficient available water holding
capacity is also a severe constraint for sandy soils.
Therefore, P-laden biochar could be a promising
material that can resolve both P and water retention
issues for this soil type [17, 18].

The filter cake is a by-product of the sugar-
cane industry with a high potential for engineered
biochar production. Sugar production is an essential
agricultural world product and about 180 million
tons of sugar are produced globally each year with
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Thailand capable of supplying abundant sugar up to
10 million tons [19]. Many by-products including
sugarcane leaves and sugarcane bagasse (2.4-2.5
ton), molasse (0.4-0.5 ton), and filter cake (0.5-0.6
ton) are created during 1 ton of sugar and sugar-
alcohol production, many of which can be recycled
for biofuel and electricity production [20]. Some
studies suggested that the filter cake was suitable
as a soil amendment since it has high nutrient
contents [21]. However, its stench and some dis-
eases associated with this material are unfavorable
properties for use. Wastewaters from sugar and
ethanol production typically contain a high phos-
phate content that must be reclaimed to mitigate
the environmental problem such as eutrophication
and to allow its reuse as fertilizers [22]. Therefore,
filter cake-engineered biochar production could be
an effective technology to reuse this agricultural by-
product as an adsorbent for the removal of phos-
phate from wastewater and to provide available P
in soils.

This research aims to investigate the P retention
capacity of Al- and Fe-biochar prepared from filter
cake and to examine P released from Al- and Fe-
biochar applied in acid-washed sand. The obtained
data will provide useful information on potential
uses of Al- and Fe-biochar in soils with low P con-
tents.

MATERIALS AND METHODS
Preparation of metal-engineered biochar

Filter cake material was obtained from the Eastern
Sugar and Cane Company located in eastern Thai-
land. For the preparation of filter cake-engineered
biochar, about 10 g of air-dried filter cake were
separately impregnated with 60 ml of AICI, and
FeCl, solutions (67% w/v) for up to 72 h, depending
on the material saturation time for each metal. The
saturated material was oven-dried at 80 °C for 24 h.
The materials were tightly packed into an alumina
ceramic crucible. The closed vessel was transferred
into a preheated muffle furnace (600°C) and car-
bonized under the ambient atmosphere for 1 h
[23]. The container was carefully translocated and
unheated in a desiccator. Each metal-engineered
biochar was washed several times with deionized
(DI) water to remove impurities and dried at 80 °C
for 24 h. The samples were crushed using an agate
mortar, passed through 0.5-2.0 mm sieves, and pre-
served in airtight containers for further experiments.
The Al- and Fe-engineered biochar samples were
designated as FB,; and FBg,, respectively.
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Phosphorus sorption

The P sorption capacity of biochar and filter cake-
engineered biochar was investigated to determine
the effects of each metal (Al and Fe) on P sorption
capacity and its potential reuse as P fertilizer. About
0.05 g of each metal-engineered biochar (FB,, and
FBg.) were mixed with 25 ml of separate P solu-
tions (50-1000 mg P/1) in centrifuge tubes. The
P sorption experiment was performed in triplicates.
All tubes were shaken in an orbital shaker at room
temperature (25+2°C) for 48 h. The remaining P
concentration in the equilibrium solution was de-
termined using the molybdenum blue method after
centrifugation at 2205g for 15 min. The Langmuir
maximum P sorption coefficient (Q,,) for each engi-
neered biochar was obtained by fitting the sorption
data using the Langmuir equation as follows:

_ QmKL Ce
qe =
1+K,C,

where ¢, (mg/g) is the amount of P adsorbed to
the solid, C, (mg/l) is the equilibrium solution
concentration of dissolved B and K, is the Langmuir
binding energy constant. The P sorption data were
also modelled using the Freundlich equation as fol-
lows:

ge =K;(C.)"

where the coefficient K; and n denote Freundlich
affinity and linearity constants energy, respectively.

Preparation of phosphorus-laden biochar

After obtaining P sorption data, the metal-
engineered biochar with high P content designated
as P-laden biochar was produced for incubation
experiments. Briefly, each metal-engineered
biochar was weighed in separate centrifuged tubes
and mixed with the P concentration at 10% of
each Q,, value using a solid:solution ratio of 1:20.
The expected concentrations contain reliable P
concentrations for the P-laden biochar after P
retrieval from the wastewater [6]. The vessels
were agitated on a mechanical shaker at room
temperature for 48 h. The aliquots were obtained
using centrifugation at 2205g for 15 min and then
dried in the oven at 80°C. All engineered biochar
after P addition was termed as FB,_p and FBp._p.
The value of phosphorus-laden biochar pH was
measured in water at a solid to solution ratio of 1:2
using a pH meter. The total P concentration was
obtained using Aqua regia digestion [24], followed
by P analysis of the extraction using the colorimetric
method [25]. The produced FBy,_p and FBg._p had
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Table 1 Values of pH and total P concentration (mg/g)
in acid-washed sand and P-laden biochar prepared from
filter cake loaded with Al (FB,,_p) and Fe (FBg._p).

Parameter Acid-washed sand FBplp FBpe_p
pH 4.7 4.9 5.8
Total P ND" 6.0 3.4

“ ND, not detected.

total P content of approximately 6.0 and 3.4 mg/g,
respectively (Table 1).

Preparation and characterization of
acid-washed sand

Acid-washed sand was used as a representative of
sandy soil without nutrients and impurities. Briefly,
a bulk sample of the river sand was washed with tap
water to eliminate light fractions of organic matter
and suspended clays. The washed sand material was
immersed in 10% HCI for 24 h to extract remnant
elements attached to the particles. The material was
washed at least 3 times with tap water to remove
the excess H" and Cl™ ions caused by the acid-
washed procedure. A few drops of silver nitrate
solution were used to check for the presence of Cl~
ions. The material was washed with DI water after
the complete removal of CI” ions and then oven-
dried for the incubation experiment. Sand pH was
measured in water at a solid to solution ratio of 1:1
using a pH meter [26]. The total P concentration
was also analyzed using the above method. The
field capacity was obtained by using ceramic plate
extraction at 0.33 bar [27]. The pH of acid-washed
sand was 4.7 with no total P content detected. The
field capacity of the acid-washed sand sample was
3.0% (w/w).

Incubation experiment

The incubation technique was used to examine the
availability of P released from the P-laden biochar
for possible use as a P recycling fertilizer in sandy
soils that commonly have low P availability. For the
incubation experiment, about 5 g of acid-washed
sand were weighed in separate centrifuge tubes.
The acid-washed sand was incubated with FB,j_p
and FBp._p. The investigation identified that the
FBy_p and FBp._p in the sand material were due to
the fact that most sandy soils commonly have low
P availability and low water and nutrient retention
capability. The use of materials with strong P sorp-
tion capacities like FB,,_p and FBg._p was expected
to release P slowly and thus reduce the P loss by
leaching. Each type of engineered biochar was
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placed in nylon bags with a 100 pm mesh diameter.
An application rate of 1% (w/w) was used in this
study.

The moisture contents of the sand sample were
maintained at 90% of its field capacity for 45 days.
The tubes were placed in a controlled osmotic pres-
sure container, which was filled with NaCl solution
calculated by Jacobus van’t Hoff equation [28, 29].
After the desired periods of 7, 30, and 45 days,
the samples were taken for determination of the
water-extractable P [30] and Olsen-extractable P
contents [31]. Water extraction provides infor-
mation on the most readily available P pools for
plants, whereas the Olsen extraction describes the
plant available P pool through the ligand exchange
mechanism. The available P fraction calculated
from the summation of the water-extractable and
Olsen-extractable P was calculated and reported as a
relative content of the total P concentration in each
sample. The difference in the available P fraction
with the total P content denotes the long-term P
fraction that is potentially available to plants.

RESULTS AND DISCUSSION
Phosphorus sorption

The maximum P adsorption capacities of all engi-
neered biochar were higher than those of the filter
cake biochar (FB). The P sorption data was well
described by both the Langmuir and Freundlich
models with the R? values in the ranges of 0.76-
0.99 (mean = 0.91) and 0.94-0.97 (mean = 0.96),
respectively (Table 2). The FB,; sample had a higher
Langmuir maximum sorption capacity (63.7 mg/g)
than the FBg sample (33.2 mg/g, Fig. 1). Com-
paring these data with existing metal-engineered
biochar prepared from different feedstocks, the FBg,
sample had higher P sorption capacity than Fe-
biochar prepared from orange peel pyrolysis at 250
to 700°C (Q,, = 0.22-1.24 mg/g) [13]. The FBy,
sample had a lower P retention capacity than the
Al-biochar prepared from Cottonwood pyrolyzed
600°C (Q,, = 135 mg/g) [11]. The considerable
variation in the P retention capacity was mainly due
to differences in the metal impurities in each feed-
stock, which can affect the formations of different
types and quantities of metal (oxyhydr)oxides in the
biochar structure that will act as the primary adsor-
bent for P in the aqueous solution. The Langmuir
K, coefficient relating to P binding energy varied
considerably from 0.003 to 0.33 1/mg. The lower
K; value was found in the FB,; sample, whereas
the higher value was observed in the FBg. samples.
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Table 2 Coefficients and correlation coefficients of Langmuir and Freundlich models for P adsorption onto filter cake-

engineered biochar loaded with Al (FB,,) and Fe (FBg.).

Langmuir Freundlich
Sample 5 5
Qnm K R K¢ n R
(mg/g) (1/mg) (mg"™1"/g)
FBap 63.7 0.003 0.99 23.1 0.17 0.94
FBre. 33.2 0.33 0.76 0.34 0.65 0.97

Q,, = Langmuir sorption maximum capacity; K, = Langmuir binding constant; K; = Freundlich affinity constants;

and n = Freundlich linearity constant.
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Fig. 1 Phosphorus adsorption isotherms of filter cake-
engineered biochar: (a) FB,, and (b) FBg.. Symbols show
experimental data, and error bars are standard errors of
triplicate measurements.

These results suggested the low and high P binding
energy for the FB,; and FBg. samples, respectively.
The difference between K; constant for FB, and
FBp. samples might be attributable to the varia-
tion in crystal sizes of metal oxides formed in the
engineered biochar that controlled magnitudes of
specific surface area and chemical surface reactivity
of the adsorbents. However, further investigation

should be carried out to prove this explanation. The
K, coefficients in this study were lower than those
of Al- and Fe-biochar in previous studies reported as
0.012 and 0.046-10.5 1/mg, respectively [11-13].
These data reflect that the current metal-biochar
samples could be more easily released P and provide
higher available P contents than other reported
metal-engineered biochar samples.

The Freundlich Ky coefficient associated with
the quantity of P sorption sites ranged from
0.34 mg/g for the FBg. sample to 23.1 mg/g for
the FB,; sample which was lower than that of Al-
biochar and Fe-biochar of other studies (2971, 10.1,
and 1069) [11-13]. The Freundlich n constant
indicating the variation of adsorption sites of sor-
bents differed from 0.17 for the FB,; sample to 0.65
for the FBg, sample, while other studies found the
Freundlich n constant of Al-biochar at 0.40 and
Fe-biochar around 0.29-0.87 [11-13]. The low
value indicated the adsorption site heterogeneity,
and the high value indicated the adsorption site
homogeneity [32].

Effect of phosphorus-laden biochar on
phosphorus availability

The results of testing for water-extractable and
Olsen-extractable P in the acid-washed sand af-
ter 45 days of incubation with Al- and Fe-biochar
are provided in Fig. 2. Different metal-engineered
biochar samples released varied water-extractable
and Olsen-extractable P contents into the sand sam-
ple. The acid-washed sand containing Al-biochar
had water-extractable P of 0.1-0.5 mg/kg whereas
the acid-washed sand contained Fe-biochar with
water-extractable of 0.7-1.6 mg/kg (Fig. 3).

The Olsen-extractable P for the acid-washed
sand in the Al-biochar series was somewhat sta-
ble over the 45 days of the incubation (11.4 to
12.4 mg/kg) while that in the Fe-biochar series was
considerably increased during the incubation period
(9.1 to 19.2 mg/kg). The constant release of avail-
able P from Al-biochar may be due to the more stable
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Table 3 Water-extractable and Olsen-extractable P contents in acid-washed sand over 45 days of incubation with Al-

(FB,_p) and Fe-biochar (FBg._p).

Available P (mg/kg)

Extraction FBaj_p treatment FBpe_p treatment

Day 7 Day 30 Day 45 Day 7 Day 30 Day 45
Water 0.5+0.01 0.1+0.08 0.2+0.07 1.1+0.03 0.7+0.02 1.6+0.41
Olsen 11.4+£2.74 11.7£0.95 12.4+1.63 9.1+1.57 14.0£2.61 19.2+1.70

O Water extraction [ Olsen extraction
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Fig. 2 Water- and Olsen-extractable P concentration of
acid-washed sand treated with (a) FB,,_p and (b) FBg,_p.
Bar graphs show experimental data, and error bars are
standard errors of triplicates.

phase of Al oxides in the engineered biochar sample,
whereas the increasing P concentration released
with time from Fe-biochar is consistent with the
heterogeneity of the adsorption sites of the biochar
that may control different P release behaviors from
the Fe-biochar sample. Interestingly, the high Olsen-
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extractable P values in the Al- and Fe-biochar se-
ries suggest the possible uses of the Al- and Fe-
biochar samples, which are typically thought to be
unsuitable for plant use, for improving the available
P content in sandy soils with a low native P The
release of P from the Al- and Fe-biochars could have
been due to the replacement of orthophosphate ions
(H,PO, or HPO?") with HCOj ions by the ligand
exchange process. This exchange process resembles
the release of HCOj ions from plant roots to acquire
anions [33]. The data were consistent with recent
research demonstrating that the uses of Fe(II)- and
Fe(Il)-biochar could improve P availability in paddy
through the reductive dissolution of Fe oxides in
biochar upon flooding [34].

In general, Olsen-extractable P is considered
to be available for plant uptake [35]. Consider-
ing extractable P from all metal-engineered biochar
samples (FB,_p and FBg._p) treated in the acid-
washed sand with the low total and available P
content, the results demonstrated that the concen-
tration of the Olsen-extractable P in all incubation
series was typically greater than the critical value
for corn production as assessed using Olsen ex-
traction of 5.0 mg/kg [36]. The data suggested
that applications of FB,_p and FBg._p at the rate
of 1% (w/w), corresponding to 19.50 ton/ha in
soils, could provide sufficient amounts of available
P for the entire period of productions for certain
economic crops such as corn.

Moreover, the available P pools (calculated from
both water- and Olsen-extractable P) were very low
compared to the total P in each metal-P biochar. The
relative fraction of available P was just 0.20-0.21%
and 0.30-0.61% of the total P for the FB,_p and
FBp._p biochar samples, respectively, which were
continuously released to the sand during the 45-
day incubation (Fig. 3). Other studies of P release
from metal-engineered biochar by similar produc-
tion were focused mainly on single extraction from
Mg-biochar, in which 0.01 to 14% of their total P
can be extracted by citric acid, KCI, and Mehlich-3
[37-39]. These data reflect that substantial frac-
tions of reserved P pools could have remained in the
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Fig. 3 Relative percentage (% of total P) of available P
content (water and Olsen extractable) for P-laden biochar
prepared from filter cake loaded with Al (FB,_p) and Fe
(FBg._p). Bar graphs show experimental data.

biochar samples and could be potentially available
in the long term if the soil conditions are suitable for
the dissolution or exchange of P from host phases
(AI-P and Fe-P compounds) in the biochar samples.

Economic and environmental aspects

Phosphate mineral resource limitation, soil P fixa-
tion, and P contamination from excessive fertiliza-
tion have called great attention to effective phos-
phate fertilizer use for agricultural and environmen-
tal sustainability. Recycle, reuse, and recovery are
necessary for agriculture and industries, including
the sugar industry [40]. A utilization of filter cake,
an effective by-product in the sugar industry, as
an adsorbent for phosphate contaminant recovery
and subsequently recycle into agricultural lands as
P fertilizer could be an effective technology to solve
this issue. Costs related to metal-engineered biochar
production are derived from modification processes
(metal impregnation and pyrolysis), while several
benefits are waste recycling, water contaminant
reduction, and decreasing P fertilizer cost. However,
in real practice, biochar engineering could be devel-
oped to be cheaper and more effective technology.
Applications of biochar-based pollutant removers
required more investigation to unravel such ad-
verse impacts of toxic pollutants from a water body.
Furthermore, possible real operating systems (i.e.,
natural water body or industrial water treatment
system) remain to be improved for future uses. The
application of P-laden biochar-based P fertilizer also

225

required further investigation in various soil and
plant types in pot experiments or field scales before
recommending its application.

CONCLUSION

The Al- and Fe-engineered biochar samples pre-
pared from filter cake, a main by-product of the
sugar industry, showed excellent P sorption capacity
from aqueous solution. The P retention competency
of the Fe-biochar was better than that of biochar
prepared from orange peel biomass from reported
studies. The Al-biochar from the current study had
a lower P retention potential than cottonwood-Al-
biochar. However, the metal-biochar incorporation
into sand material showed that a sufficient fraction
of Olsen-extractable P could be regularly released.
The extracted P content from the metal biochar
was only approximately 1% of their total P content,
indicating that a substantial amount of the P fraction
remained in the biochar matrix and could be con-
sidered a long-term source and sink of P for plant
use. This study has shed light on the possible use
of Al- and Fe-biochar for improving P availability
in sandy soils that are typically low in water and
nutrient retention capacity. The P reclamation from
wastewater using both Al-and Fe- biochars and their
subsequent incorporation as P fertilizers in sandy
soils under the field condition should be further
investigated.
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