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Abstract: The aim of this work was to compare the performance of biochar from various food
processing wastes of different origin for the removal of different nutrients from water. Eggshells
(EGS), rice husk (RH), and coffee biochars were pyrolyzed at 400 and 800 °C and were examined for
the removal of phosphates, nitrates, and ammonia nitrogen. The raw materials were also modified
with magnesium chloride in order to investigate their sorption behavior. The highest sorption capacity
(gmax) for phosphates and ammonium was observed with EGS pyrolyzed at 800 °C and was 11.45 mg
PO,3>~-P/g and 11.59 mg NH3-N/g, while the highest nitrates sorption capacity was observed with
the magnesium-modified RH pyrolyzed at 800 °C (5.24 mg NO3;~-N). The modified EGS biochars
pyrolyzed at 800 °C had almost the half the sorption capacity for phosphates and nitrates compared
to the unmodified materials. The modification of RH pyrolyzed at 800 °C resulted in higher sorption
capacity by 34 and 158% for phosphates and ammonium, respectively. The coffee raw and modified
biochars were less efficient in nutrient removal compared to the other materials. The specific surface
area values of the biochars examined is not a decisive factor for nutrient sorption. The reaction
between magnesium and calcium (for the eggshell samples) ions with phosphates is responsible for
the higher sorption efficiency. On the other hand, the presence of magnesium and calcium ions has a
detrimental effect on the sorption of NH3-N.

Keywords: food processing wastes; biochar; magnesium modification; nutrient removal; kinetics

1. Introduction

Wastewater and drainage waters that outflow in water bodies contain nutrients that
increase eutrophication [1,2]. Controlling nutrient outflow can also lead to eutrophication
reduction. The removal of nutrients from water can be achieved by various methods
either by physicochemical or biological processes [3]. The sorption capacity of sorbents
on nutrient removal depends on the material type, origin, and treatment [4]. Therefore,
the choice of the optimal methodology for nutrient removal should be chosen considering
the above factors. The cost of sorbent production is also one significant parameter for
the sustainability of the process. Sorption processes have been examined during the last
years in order to remove nutrients from water using natural zeolite, calcite, sand and iron
products [5], and biochar or modified biochar [6,7].

Biochar (BC) is a porous carbon material usually derived from lignocellulosic biowaste
or from other mixed food wastes such as bones, eggshell, etc., through the thermal process
with interesting adsorption properties [8]. Although biochar fully consists of carbon con-
tent and ash, its physicochemical characteristics are greatly influenced from the type of
biomass used and the carbonization conditions [9]. The carbonization process usually is
one thermochemical conversion method such as pyrolysis, hydrothermal carbonization,
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gasification, and torrefaction [10,11]. Therefore, the properties of biochar and its efficiency
in different processes depend on the preparation conditions and the raw biomass.

Feedstock of different origins have been investigated in order to reduce nutrients with
an environmentally friendly method. The emphasis has been provided to the availability
and use of low-cost materials, individually or by mixing various feedstocks [12]. The
beneficial use of wastes from the food industry, as sorbent materials, can contribute to the
reduction in disposed wastes. After sorption, the rich in nutrient sorbent materials can be
used as slow-release fertilizers [13,14] or even for soil improvement [15,16].

Coffee is one of the most consumed beverages all over the world. In 2016, the pro-
duction of coffee reached about 9 x 10° tonnes [17]. The carbon and oxygen in spent
coffee grounds comprise almost 84% and 12% in an atomic ratio [18]. The main content of
the macronutrients of spent coffee grounds in g/kg of dry matter (DM) is 500.34 carbon,
1.77 calcium, 25.61 nitrogen, 1.53 phosphorus, 1.48 magnesium, 5.06 potassium, 0.13 sodium,
and 0.87 sulphur [19]. Coffee spent grounds are used as organic mineral fertilizers or soil
conditioner [19]. Rice husk (RH) represents at least 20% of the rough rice weight, which
yields about 1.5 x 1011 kg/year, placing it among the most abundant agricultural product
worldwide. Rice cultivation is a significant crop in Greece, given that it is the third largest
producer of rice in the European Union (EU) [20]. RH is a lignocellulosic material that
consists of from 28.6 to 43.3% cellulose, from 22.0 to 29.7% hemicellulose, from 19.2 to
24.4% lignin, and from 17 to 20% ash [21]. RH is used for practical purposes such as for
production of biofuels, energy, and fertilizers [22]. Eggshell wastes have been ranked as the
15th worst food industry pollution problem by the Environmental Protection Agency. They
are considered as a major source of environmental pollution when not properly disposed
of in specified locations. The global eggshell quantity for 2018 was 8.58 x 10° tonnes [23].
Chicken eggshells consist of from 47.63 to 51.7% carbohydrates, from 3.0 to 4.38% crude
fiber, 0.37% lipid, from 1.35 to 1.40% crude protein, and from 43.5 to 45.29% ash [24]. The
main content of macronutrients of chicken eggshells is in g/kg DM 145.43 carbon, 231.67 cal-
cium, 8.47 nitrogen, 1.00 phosphorus, 2.44 magnesium, 0.66 potassium, 0.74 sodium, and
0.78 sulphur [19].

Eggshells can be used in many aspects such as soil conditioner, food additive, calcium
supplement, agricultural fertilizers, and sorbent [19,24]. The biochar from eggshells has
been used for the removal of organic pollutants [25] and phosphorous [26,27]; it has
achieved over 90% removal of phosphorus.

The modification of feedstock materials using MgCl, [28,29], and FeCl; [29] has
been used for the enhancement of the removal of phosphates and/or nitrates from water.
The increased surface area and the porous structure of MgO-biochar nano flakes were
decisive factors for the removal of anions due to the increase in adsorption sites [28]. The
modification of sawdust and sediment biochar by FeCl3 and MgCl, resulted in phosphorus
recovery of from 61.2 to 100% and from 53.1 to 100%, respectively [29]. The authors
reported that the pristine biochar did not show any removal capacity for phosphates. The
importance of magnesium modification was also reported for the modification of oak wood
and paprika waste for phosphate uptake, which enhanced the phosphorous uptake from
relatively low levels of from 66.4 to 70.3%, compared to from 2.1 to 3.6% of the pristine
biochar [30].

Although considerable research has been conducted on nutrient removal using biochar,
the behavior of pristine biochar pyrolyzed at different temperatures and their modification
for the removal of different nutrients needs further investigation. The aim of our study was
to investigate the effectiveness of biochar produced from easily available food processing
wastes, the effect of pyrolysis temperature, and the modification of biochar for the removal
of nutrients from water. The use of food processing wastes as a biochar material is an
ecological product that reduces wastes and strengthens the circular economy. Easily
available biomass from chicken eggshells, spent coffee grounds, and rice husk were used
for the production of biochar pyrolyzed at 400 and 800 °C. The modification of biochar with
magnesium was also conducted to examine their performance. Ammonia nitrogen, nitrates,
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and phosphates were the target nutrients and the evaluation of the biochar’s sorption
capacity was conducted by batch kinetic and isotherm experiments.

2. Materials and Methods
2.1. Preparation of Biochar

Different materials have been investigated in order to find the material that can adsorb
different kind of nutrients with the highest efficiency level. Biochar has been investigated
at three types of feedstocks eggshells, rice, and coffee. The chicken eggshells (EGS) were
obtained from a local pastry factory of Entelvais S.A., Patras, Greece. The rice husk (RH) was
produced from the rice processing factory of Agrino S.A., Agrinio, Greece. The spent coffee
grounds were obtained after espresso coffee was brewed through coffee machines in Patras
coffee shops. The eggshells were thoroughly washed with tap water and then with distilled
water. All the materials were dried overnight at 60 °C and were separately weighted
and placed into ceramic and/or quartz vessels that were closed with their respective caps
(Figure S1). These vessels were custom-made not to allow oxygen to enter the vessels at
high temperatures. The vessels with each material were placed in a gradient temperature
furnace (LH 60/12, Nabertherm GmbH, Lilienthal/Bremen, Germany) at temperatures of
400 and 800 °C. The mass of each material was weighted before and after the pyrolysis
process and the weight loss due to pyrolysis was calculated.

The sorption efficiencies of each raw material (eggshells, spent coffee grounds, and
rice husks) were also examined after modification with MgCl,-6H,O [31]. Briefly, the raw
material was impregnated in 3 M MgCl,-6H,O for 18 h. The material was removed and
washed with distilled water. The material was dried in an oven and pyrolyzed at 400 and
800 °C. The biochars, hereafter, are denoted as “Material name” “Pyrolysis temperature”,
while in the magnesium modified materials the term “Mg” is added. For example, EG5400
and EGS400Mg stand for eggshells pyrolyzed at 400 °C and magnesium-modified eggshells
pyrolyzed at 400 °C, respectively.

2.2. Sorption Experiments
2.2.1. Kinetic Experiment

The individual nutrient solutions of 10 mg PO4>~-P/L, 7.77 mg NH3-N/L and 2.26 mg
NO;--N/L were prepared in order to examine the removal of nutrients at higher phospho-
rus concentrations compared to nitrogen compounds. A volume of 40 mL of each nutrient
solution was transferred into a 40 mL polypropylene test tube containing 10 mg of biochar.
The tubes were hooked on a rotator (J.P. Selecta s.a., Barcelona, Spain) for a specified time
(12, 24, 48,72, 96, and 168 h). Subsequently, the tubes were placed vertically for the biochar
to settle and the liquid was filtered via a 0.22 pm syringe filter.

2.2.2. Isotherm Experiment

The equilibrium time for the majority of our materials was 48 h according to the kinetic
analysis results. Only the materials with the higher sorption capacity (EGS800, EGS800Mg
RHB800, and RH800Mg) were examined at different concentrations of 0, 2.5, 5, 10, and 20 mg
PO, -P/L,0,2,4,8,and 16 mg NH3-N/L and 0, 2, 4, 8, and 16 mg NO;--N/L.

2.3. Sorption Models
2.3.1. Kinetic Model

The nutrient removal was simulated with various kinetic models. The first-order
kinetic model is written:

d
q =k a M

where q (mg/g) is the quantity of nutrient sorbed per unit mass of biochar at a given time t,
k1 (h~1) is the first-order rate constant, and t (h) is the contact time. By integrating Equation
(1), we obtain the linear form:

Ing; = Ing, — kqt 2)
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where g, (mg/g) is the quantity of nutrient sorbed per unit mass of biochar at the equilibrium.
The pseudo first-order model is:

d
d{? = —kip(qe —9) 3)

where ki, (h~1) is the pseudo first-order rate constant. The linear form of Equation (3) is:

In(ge — qt) = Inge — kypt 4)
The second-order model is: g
_ e

1= 17 Gekot ®)

where k; (g/mg-h) is the second-order rate constant. The linear form of Equation (5) is:

1 1
- =—+kot (6)
9 9

Finally, the pseudo second-order model is written:

dq 2
o = kop(qe — q) @)

where ky, (g/mg-h) is the of pseudo second-order rate constant. The linear form of
Equation (7) is:
t_1,, 1
q  qe  kapq
To investigate the potential role of nutrient diffusion on sorption materials, the Weber—
Morris model was used [32]:

®)

q = kiat'/? +C )

where kid is the intra-particle diffusion rate constant (mg/g h 1/2) and C (mg/g) is the
y-intercept. The linearity of the plot of g versus t'/? denotes the presence of intra-particle
diffusion. If C = 0, then intra-particle diffusion is the rate-controlling step, whereas if C # 0,
intraparticle diffusion is not the rate-controlling step, but film diffusion plays an important
role in the nutrient sorption process.

In order to assess which process, external mass transfer, or intra-particle diffusion
exerts greater influence on the rate of its nutrient sorption, the Boyd film-diffusion model
was employed. This model assumes that the main resistance to diffusion is the boundary
layer surrounding the particle and is expressed as [33]:

6 s ]. _ ZBl’
F(t)=1- <7T2> m;(mz)e " (10)
where F(t) is the fraction of the solute sorbed at different times ¢:

Fiy=1 (11)

e

where g and g, are the nutrient uptake (mg/g) at time ¢ and at equilibrium, respectively, m
is the number of particles and B is obtained from the following equation:
- Di7'[2

B= "0

(12)
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where Di is the internal diffusion coefficient and r is the radius of the sorbent particle.
Reichenberg, 1952 [34], after applying Fourier transform and integration, managed to
obtain the following approximations:

—0.4977 — In(1 — F(t), F(t) > 0.85

By = _ mF(t) 0 (13)

2 —2m\[1— =5, F(t) <085

2.3.2. Isotherm Model

The experimental data were fitted to three isotherm models linear, Freundlich, and
Langmuir. The linear isotherm model is described by the equation

ge = KyCe (14)

where Ky (L/g) is the Henry’s constant.
The Langmuir isotherm model is:

Ce 1 n Ce

qe - GmaxKr, Amax

(15)

where C, (mg/L) is the equilibrium concentration in the solution, gy, (mg/g) is the
maximum monolayer sorption capacity, and K; (L/mg) is the constant of Langmuir model.
The Freundlich model is:

Ing, = InKg + NInC, (16)

where Kr ((mg/g)(L/mg)N) is the sorption constant for the Freundlich model and N is the
Freundlich exponent related to sorption nonlinearity, indicative of the distribution of the
active sites on the sorbent.

The available isotherm model equations were compared based on the correlation coeffi-
cient (R?) obtained from the corresponding linear plot and the residual sum of squares (RSS):

RSS = i(leP — qcalc)z (17)
i=1

where g% and ¢ are experimental and predicted by the model values of q (mg/g),
respectively,  is the number of experimental values, and the subscript i = 1 to n indicates
the appropriate sample.

2.4. Biochar Characterization

A scanning electron microscope (SEM, JEOL JSM6300) equipped with an EDS was
used for the determination of morphology. The point of zero charge (pzc) was measured
through a salt addition method [35]. The PZC values were determined in 0.1 M NaNOs
(8.5 g/L) solution at 25 & 2 °C. A mass of 0.2 g of biochar was transferred into 50 mL
polypropylene tubes containing 40 mL of 0.1 M NaNOs. The pH of the suspension was
then adjusted to an initial pH value of 4, 5, 6, 7, 8, 9, 10, 11, or 12 using either 0.1 M HNO3
or 0.1 M NaOH solutions and an Orion pH-meter model 710 A. Each tube was placed into
a rotator (J.P. Selecta, s.a., Barcelona, Spain) for 24 h. The ApH (the difference between final
and initial pH) values were then plotted against the initial pH values. The initial pH at
which ApH is zero was extractred to be the PZC.

The specific surface area, (SSA) of each sorbent was determined with the N2 adsorption
isotherms in liquid N2 temperature (Tristar 3000 porosimeter, Micromeritics) and using
the BET method. The X-ray diffraction (XRD) patterns were recorded using a Bruker D8
Advance diffractometer. The Fourier transform infrared (FTIR) spectrum was recorded
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at 4000-400 cm ! using a Perkin Elmer Spectrum RX FTIR system with a KBr pellet with
1% w/w BC.

2.5. Analytical Methods

The phosphates were measured by the persulfate method and ascorbic colorimetric
technique [36]. The nitrates were measured by the sodium salicylate method [37] and
ammonium was measured by the phenate method [36]. All the determinations were
conducted in duplicate and the data were showed as mean £ SD (standard deviation). The
data were analyzed and plotted by IGOR Pro (WaveMetrics, Inc., Lake Oswego, OR, USA).

3. Results and Discussion
3.1. Biochar Characterization

The feedstock composition and pyrolysis temperature affect the pzc of biochar (Table 1).
The pzc values of 6.74 and 6.30 for rice husk biochar pyrolyzed at 300 and 700 °C, respec-
tively, were also reported [38]. However, other researchers [20] mentioned that pzc at rice
husk biochar pyrolyzed at 700 and 850 °C was 7.4 and 7.8, respectively. In the present
study, the pyrolysis of the rice husk at 800 °C had a drastic increase in the pzc value to
10.0. The increase in the pyrolysis temperature from 300 to 600 °C caused a decrease in pzc
values using solid mill wastes, oak acorn shells, and deseeded carob pods [39]. The pzc
of magnesium-impregnated biochars was above eleven in the two pyrolysis temperatures
tested. The modification of biomass with MgCl,-6H,O resulted in the increase in pzc since
the positive charged magnesium attached to their surface [28].

Table 1. Pzc and surface characteristics of materials tested.

Material Pzc BET Surface Area Pore Volume Pore Size Pore \oNidth Yield
(m?/g) (em3/g) (nm) (A) (%)
EGS 9.0 96.9
EGS400 10.0 0.95 0.0027 11.3 113.2 92.8
EGS800 10.3 0.51 0.0066 11.7 117.3 97.7
EGS400Mg 114 0.56 0.0011 8.7 86.7 94.3
EGS800Mg 11.3 0.14 0.0012 0.85 8.5
RH 7.0 443
RH400 6.4 0.60 0.1032 1.2 11.5 30.7
RHS800 10.0 253 0.1333 2.1 21.1 54.6
RH400Mg 11.0 15.1 0.0363 9.6 96.1 33.3
RH800Mg 11.8 115 0.0645 13.1 131.2
Coffee 6.1 34.5
Coffee400 75 0.32 0.0061 11.7 117.2 24.6
Coffee800 6.2 109 0.0481 1.8 17.8 414
Coffee400Mg 11.1 25.8 0.0879 13.6 136.4 36.9
Coffee800Mg 11.6 37.2 0.1102 11.8 118.5 96.9

The pzc is the pH where the total charge of the surface is zero. The pzc of raw eggshells
was 9.0, rice husk neutral (7.0), and coffee 6.1, indicating the effect of the raw materials’
compositions. The effect of the pyrolysis temperature was not the same for the three
materials tested. The pyrolysis of eggshells caused higher pzc values; from 9, for the raw
EGS, to about 10 for the pyrolyzed eggshells. On the other hand, the pzc of the rice husk
biochar at 400 °C was lower (6.4) compared to the raw material, but increased to a value of
10.0 at 800 °C. The pzc of the coffee biochar increased from 6.1 of the raw material to 7.5 at
400 °C, but reduced to 6.2 at 800 °C, yielding a similar value as the raw material. The spent
coffee grounds pyrolyzed at 850 °C had almost neutral surfaces (pzc = 6.9) [18].

The increase in pzc with the temperature can be attributed to the removal of the
oxygen-containing surface species of the biochar. Indeed, these species, phenolic-OH and
—COOH, usually groups have moderate acidity. With the increase in pyrolysis temperature,
these species removed from the surface and, as a result, the pzc increased. One other
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reason is that the minerals, usually oxides and carbonates, have basic properties and their
concentrations increase with the pyrolysis temperature, since more organic phases burned
in higher temperatures, increasing the surface basicity and, thus, the pzc values.

The SEM elemental analysis showed high oxygen content for modified or unmodified
materials (Table 2). The low content of raw eggshells in the oxygen enhanced their sorption
effectiveness [24]. The oxygen content was almost the same before and after modification
with coffee having the lower content (from 36 to 37%) and the rice husks greater (from
51 to 53%). The modification of biomass with magnesium chloride resulted in the higher
Mg content of biochars, which is expected to increase the sorption capacity [29,31]. In
addition, the Cl content was increased in the Mg-modified biochars. The Mg content of the
unmodified biochars was around from 0.1 to 0.3% and after modification increased from
4 to 37% for the three materials pyrolyzed at 400 and 800 °C. The modified EGS biochars
have (i) the lower SSA values, (ii) higher crystallinity, (iii) higher pzc values, and (iv) higher
content of Ca and show the lowest content in Mg, which can be attributed to these factors
that cause the deposition of Mg?* ions during modification of the samples to be difficult [25].
The increase in the pyrolysis temperature also increases the Mg content as can be seen in
Table 2. It should be mentioned that a higher pyrolysis temperature removes the volatile
species from the biochar. The chlorine content increased from 0 to 4 for the unmodified
biochars and 3.5% for the eggshells, from 0 to 37 and 20% for RH BC, and 0 and 6.7% for
coffee biochars after magnesium modification, respectively. The biochar modification also
increased the calcium content to 79 and 148 times for the eggshells pyrolyzed either at
400 or 800 °C, respectively. Calcium was not detected in RH and coffee materials. Based on
the EDX analysis, calcium was found only with RH400 (0.42%) and RH800Mg (3.38%). The
magnesium modification of the ground coffee bean wastes pyrolyzed at 550 °C resulted
in the reduction in the calcium content of about 3.7 times compared to the ground coffee
bean [31].

Table 2. Elemental analysis of the materials tested determined by EDX analysis.

Material

Element (%)

C o Na Mg P S Si Cl K Ca
EGS 48.5 50.3 0.35 0.32 0.06 0.64
EGS400 50.4 48.76 0.31 0.53
EGS800 52.21 47.2 0.33 0.26
EGS400Mg 48.8 4.16 4.44 42.6
EGS800Mg 50.1 0.23 5.14 3.35 2.68 38.50
RH 67.6 31.5 0.81
RH400 53.14 44.64 1.8 0.42
RH800 51.8 46.2 2.0
RH400Mg 50.08 9.89 27.03 13.0
RH800Mg 36.84 37.13 15.91 6.74 3.38
Coffee 60.8 38.74 0.12
Coffee400 62.6 37.13 0.12 0.15
Coffee800 63.25 36.48 0.12 0.15
Coffee400Mg 424 20 37.6
Coffee800Mg 44.7 35.3 20.0

The values of SSA are presented in Table 1. Generally, the values of SSA are low for
the biochars prepared at 400 °C. This is in accordance with different studies [20,40] where it
was found that temperatures higher than 700 °C are usually needed for increasing the SSA
of the biochar. This is because in high pyrolysis temperatures the evolution of O containing
species as gases creates new pores and increases the SSA. This is confirmed also in this
study. The EGS biochars exhibit low SSA, as the result of high quantities of CaCO3 were
detected. Since CaCOs is not affected from the pyrolysis temperature, there are not any
significant changes in SSA values. The addition of Mg significantly decreases the SSA
values of biochars pyrolyzed at 800 °C, even for the EGS biochar. This can be attributed to
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the formation of different Mg species on the surface of biochar such as MgO, MgCO;3, or
even MgCl, and the blocking of pores created during the high pyrolysis process. The effect
of adding Mg is different in the lower temperature. The modified biochars pyrolyzed at
400 °C exhibited higher values of SSA, especially in the high carbon-content samples, such
as RH and coffee. This is due to the pyrolysis step after impregnation. The presence of Mg
is beneficial for the transformation of raw biomass to biochar with moderate SSA values.

The FTIR spectra of the biochars studied are presented in Figure 1. As can be seen
in the EGS samples, there are two intense and sharp peaks at 876 and 712 cm~!. These
peaks are due to CaCOj3; there are some new peaks centered about 2517 cm ! [41]. These
peaks have been detected in samples of CaCO3; with Mg quantities. Depending on the
content of Mg, these peaks can be shifted in higher wavenumbers. It is the result of the
partial substitution of Ca ions with Mg. The free carbonate ions exhibit four intramolecular
vibrations: v1 (symmetrical stretching), v2 (bending beyond the plane), v3 (symmetrical
stretching), and v4 (bending in the plane). The v4 can be used for the identification of
carbonates minerals; CaCOj is centered at 712 cm ™!, for MgCOs; is shifted at 748 cm™!
while at a partial substitution of Ca with Mg the peak can be observed between these limits,
while new peaks centered at about 2520 cm ™! are due to v1 + v3 vibrations.

60 |—— ESG400 (a)
— ESG400Mg
50— ESG800
— ESGB800Mg
40
l_
X 30
20
10
0 1 1 1
4000 3000 2000 1000
wavenumber (cm™)
60} —— RH400 (b)
— RH400Mg
RHB00
50 — RHgoOMg
40
l—
230} A “r\ \/
20
10 ‘ ‘ ‘
4000 3000 2000 1000

wavenumber (cm'1)

Coffee400
Coffee400Mg
50+ Coffee800
Coffee800Mg

(c)

% T
8
=

o L L L
4000 3000 2000 1000
wavenumber (cm™)

Figure 1. FTIR spectra of the biochars studied; biochars from (a) EGS, (b) RH, and (c) Coffee.

The FTIR spectra of the RH biochars are presented in Figure 1b. There is a broad
peak centered at 3400 cm ™! due to the ~OH groups and adsorbed water molecules. This
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peak is significantly lower in the biochar pyrolyzed at 800 °C. This was also observed
in a previous study [20] and it is due to the higher extent of the removal of O species in
800 °C. Additionally, the peaks presented between 1600 and 1400 cm ™! are less intense in
higher pyrolysis temperatures. Finally, no significant differences can be detected with the
Mg modification.

Similar spectra were collected for the coffee biochars. Only the Coffee400Mg sample
has a different spectrum. There is a sharp peak at 1632 cm~! and the broad peak at
3400 cm ™! is very intense. The peak at 1632 cm ™! is probably due to C=O bonds, while
the peak at 3400 cm ! is due to ~OH groups. Both peaks are smaller after pyrolysis at
800 °C due to the significant removal of O species, while in the biochar pyrolyzed at 400 °C
the modification of the raw coffee biomass with Mg is beneficial not only in terms of SSA
values but also in the presence and amount of surface O groups.

The XRD patterns of the biochars from eggshells presented in Figure 2a confirm the
presence of CaCOjs in the biochars since all the sharp peaks represent CaCOj3. Additionally,
no significant differences of Mg ions were detected with the modification. This can be
explained from the low content of Mg remaining in the modified biochars. The Mg content
is not enough to substitute the Ca in the CaCO; form in a high extent and thus is not
detected during the XRD analysis. Only in the EGS800Mg is there a small shift of the main
peak from 26 = 29.4° to 29.6°.
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]
© (018)
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Figure 2. XRD patterns for the biochars studied; biochars from (a) EGS, (b) RH, and (c) Coffee.
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The XRD patterns for the biochars prepared from rice husk have a broad peak centered
at about 22°, which is typical for the amorphous graphitic phase (the peak corresponds
to (002) crystal plane) followed by a smaller peak at 43°, which represents the sp? carbon
atoms [42,43]. This peak can be seen clearly in the RH800 sample.

Finally, the unmodified coffee biochars have the same two wide peaks for the amor-
phous graphitic phase, while the main peaks for the Coffee800Mg sample are those cor-
responding to MgO formation (43° and 62°). The modified biochar in 400 °C has an
amorphous pattern pointing out that the low pyrolysis temperature is not enough for the
formation of Mg crystal phases.

3.2. Effect of Contact Time on Sorption Process

The eggshells pyrolyzed at 400 and 800 °C phosphate concentrations reached a plateau
at 24 h (Figure 3a). The phosphate sorption was higher with the modified materials and
was 20 and 30 mg/g at 400 and 800 °C, respectively (Figure 3a), although the unmodified
materials reached a plateau earlier. The increase in the pyrolysis temperature did not
affect the sorption capacity of unmodified eggshells but improved the sorption capacity of
magnesium-modified eggshell biochars.
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Figure 3. Effect of contact time on uptake of: phosphates at an initial concentration of 10 mg PO,3-
P/L) for (a) EGS, (b) RH, and (c) Coffee; nitrates at an initial concentration of 2.26 mg NO3-N/L) for
(d) EGS, (e) RH, and (f) Coffee; and ammonia at an initial concentration of 7.77 mg NH3-N/L) for
(g) EGS, (h) RH. and (i) Coffee.
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The phosphate concentrations with rice husks reached a plateau even from 24 h. The
magnesium-modified materials reached an uptake of 30 mg/g at both pyrolysis tempera-
tures (Figure 3b). Although, the pyrolysis temperature did not affect the sorption capacity
of the modified biochars, while the higher pyrolysis temperature of the raw materials led
to higher sorption of phosphates (Figure 3b). The increase in the pyrolysis temperature
increases the surface of the biochar [44], which results in higher phosphorous removal [45].
The rice husk at 800 °C reached a plateau at 96 h, while for the other RH biochars a plateau
was reached after 48 h. The coffee biochar reached a plateau with phosphates after 24 h
(Figure 3c). The modification of the coffee biochar with magnesium resulted in an increase
in the sorption capacity at both pyrolysis temperatures. The increase in the pyrolysis
temperature improved phosphate sorption only in the case of modified biochars. The effect
of the pyrolysis temperature (from 300 to 600 °C) for the production of biochar from the co-
pyrolysis of fenton sludge and bamboo was also examined [46]. The maximum phosphorus
sorption capacity was observed at 400 °C for the fenton sludge and was 8.77 mg/g.

The phosphate sorption capacity was 12.5 mg/g at 96 h for RH800, compared to
10 mg/g at 96 h for EGS800. Although RH800Mg reached an uptake of phosphates of
25.5 mg/g at 168 h, EGS800Mg reached a plateau quite earlier at 96 h and an uptake of
27.5mg/g.

As seen for the eggshells pyrolyzed at 400 and 800 °C, a plateau was reached for
the nitrates after about 96 h (Figure 3b). During the first 24 h, the nitrate sorption using
the RH800 was practically zero (Figure 3d). On the contrary, the modified RH biochars
performed better during the first 24 h, compared to the unmodified biochars. The RH800
presented higher nitrate sorption capacity compared to RH400. The coffee-based biochars
reached a plateau after 24 h with nitrates (Figure 3f). The modification of the coffee biochar
led to an increased sorption capacity for nitrates at both pyrolysis temperatures. The
pyrolysis temperature did not affect the sorption ability of the unmodified coffee biochars
for nitrates. The modification of coffee biochar at 400 °C resulted in a slightly better sorption
efficiency compared to the unmodified coffee biochars, while the modification of coffee
at 800 °C provided the worst results. The nitrate sorption capacity was 6.5 mg/g at 96 h
for RH800, compared to 2 mg/g at 96 h for EGS800. The nitrate sorption was faster with
EGS800Mg (4.5 mg/g at 96 h) compared to RH800Mg with (3 mg/g at 168 h).

The pyrolysis temperature did not affect the ammonia sorption of the unmodified
biochars. Generally, modification inhibited the ammonia uptake (Figure 3g—i). A plateau
was reached for ammonia nitrogen after 72 h with unmodified EGS (Figure 3g). Similarly,
with nitrates, the sorption of ammonia by RH400 and RH800 was practically zero within
the first 24 h (Figure 3h). As seen in Figure 3i, the unmodified EGS and RH reached similar
sorption capacity after 168 h, while the unmodified coffee biochar presented a slightly
lower capacity.

The experimental results were better simulated with the pseudo first- and second-order
kinetic models (Table 3) and the latter better fitted the experimental data for phosphates
and nitrates of all the materials tested. The pseudo second-order constant of phosphates
for all materials was quite higher with unmodified materials compared to the modified.
The k2p values were 4 and 3.5 times higher for the EG5400 and EGS800, 3 and 2.5 times
higher for the RH 400 and RH 800, and 13 and 3.5 times for the Coffee400 and Coffee800,
compared to the corresponding modified material, respectively. Coffee400 had the higher
k2p value (0.013 g/mg-h) and the EGS400Mg and Coffee400Mg the lower (0.001 g/mg-h).
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Table 3. Estimated parameters for the Kinetic models employed.
Kinetic Model
Pseudo First-Order Pseudo Second-Order
Material
K1p e R? RSS e kap R? RSS
(1) (mg/g) (mg/g) (g/mg-h)
PO, 3-P
EGS400 0.041 8.39 0.790 3.1 8.67 0.008 0.997 24
EGS800 0.036 6.10 0.975 0.98 10.42 0.007 0.994 50
EGS400Mg 0.030 26.64 0.979 70 35.71 0.001 0.989 16
EGS800Mg 0.024 13.78 0.773 20 25.32 0.002 0.982 15
RH400 0.040 11.26 0.944 2.3 7.18 0.006 0.969 7.4
RHS800 0.040 7.60 0.825 0.58 13.81 0.005 0.998 12
RH400Mg 0.021 6.21 0.991 1.2 29.16 0.002 0.993 25
RH800Mg 0.017 16.69 0.938 21 27.62 0.002 0.974 34
Coffee400 0.036 6.51 0.926 126 9.15 0.013 0.977 76
Coffee800 0.046 1.20 0.606 2.0 11.19 0.007 0.993 14
Coffee400Mg 0.025 722 0.593 54 30.77 0.001 0.924 31
Coffee800Mg 0.012 6.01 0.704 41 27.62 0.002 0.974 28
NO3;-N
EGS400 0.007 1.14 0.790 270 4.05 0.006 0.983 15
EGS800 0.033 3.74 0.968 302 2.58 0.024 0.984 5
EGS400Mg 0.030 5.71 0.928 371 5.95 0.003 0.943 10
EGS800Mg 0.030 2.15 0.956 229 2.20 0.008 0.960 28
RH400 0.034 9.56 0.939 205 4.25 0.012 0.995 1.2
RHS800 0.031 5.13 0.893 149 8.60 0.003 0.988 17
RH400Mg 0.022 1.56 0.944 222 2.71 0.026 0.999 50
RH800Mg 0.022 4.49 0.982 352 6.31 0.002 0.999 3.4
Coffee400 0.017 1.67 0.923 347 4.25 0.012 0.995 6.8
Coffee800 0.041 427 0.860 318 2.62 0.007 0.957 3
Coffee400Mg 0.021 2.03 0.956 249 3.04 0.021 0.991 11
Coffee800Mg 0.032 5.20 0.864 308 7.08 0.001 0.913 34
NH;3-N
EGS400 0.046 36.41 0.951 5.8 37.74 0.001 0.973 11
EGS800 0.053 32.83 0.937 1.8 37.74 0.001 0.987 12
EGS400Mg 0.041 13.32 0.999 26 15.68 0.004 0.998 15
EGS800Mg 0.025 13.91 0.978 61 19.92 0.001 0.957 12
RH400 0.035 42.39 0.987 7.5 19.23 0.001 0.987 13
RHS800 0.035 47.21 0.964 45 40.32 0.001 0.971 34
RH400Mg 0.030 13.91 0.836 136 21.19 0.002 0.980 2.1
RH800Mg 0.098 11.14 0.971 37 10.00 0.012 0.993 6.3
Coffee400 0.036 29.91 0.967 9.7 47.39 0.001 0.757 1.9
Coffee800 0.035 36.80 0.879 96 40.32 0.001 0.971 2.21
Coffee400Mg 0.033 12.10 0.984 19 21.19 0.002 0.980 9.1
Coffee800Mg 0.019 14.74 0.858 49 10.00 0.012 0.993 3.2

The pseudo second-order constant of nitrates was generally higher at 800 °C pyrolysis
temperature compared to 400 °C for all unmodified materials. The modification of EGS
at 400 and 800 °C resulted in 4 and 2.5 times higher ky;, values compared to the modified
EGS, respectively. Although the modification of RH and coffee increased the kj,, values at
400 °C, compared to the unmodified biochars, modification at 800 °C resulted in lower kzp
values. The higher ky, values were observed with the RH400Mg (0.026 g/mg-h) and lower
for Coffee800Mg (0.001 g/mg-h). The kj,, values of nitrate sorption ranged from 0.02 to

0.022 g/mg-h using hydrogel rice husk biochar composites [47].

Concerning ammonia kinetics, the increase in the pyrolysis temperature did not affect
the kjp, values of the unmodified materials. The modification of the EGS improved the
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kyp value four times only at 400 °C, while the modification of RH and coffee at 400 °C
was increased by two times. The kp, values of ammonia were generally lower compared
with the other two nutrients. The increase in the pyrolysis temperature from 400 to 800 °C
of the modified RH and coffee, resulted in values up to six times higher. Modification
enhanced the kp,, values up to 12 times for the RH800Mg and Coffee800Mg, compared to
the unmodified biochar at 800 °C.

The pseudo-first-order model can be related to physical sorption and the pseudo
second-order model assumes that the removal process is controlled by the chemical sorption,
which involves the valence forces where the adsorbent and the adsorbate exchange or share
electrons [12]. The pseudo second-order model has been reported to better simulate
phosphates sorption for biochar from a rice straw/eggshell mixture [12], straw [6], and
rosmarinus officinalis [7] pyrolyzed at different temperatures.

The diffusion of nutrients by the Weber-Morris model is shown in Figure 4. If the
plot of q with t'/2 provides a straight line, an intra particle diffusion is involved in the
sorption rate and, if the straight line cross the origin, intraparticle diffusion is the rate
limiting step [17]. In most cases, two or three linear parts were observed, which implies
that different mechanisms are involved in the sorption process. Only Coffee400Mg had one
linear segment that passes through the origin. In the case of phosphates, the intercept C in
the first linear part was zero for all materials tested, indicating that intra-particle diffusion
was the rate-controlling step. The same behavior was also observed with ammonia nitrogen
and the majority of nitrate cases, while in the case of EGS800 it was C = 1.22 mg/g.
Comparing the diffusion constants of the Weber—-Morris model (kig), it is shown that in
many of the studied cases it was kjq1 > kigo > kig3. The diffusion of molecules in the majority
of the sorbents is the determining step of the sorption process, which is also confirmed
by the decrease in the kg3 value [48]. In the case of phosphates, the ki values were
kig1 > kigo > kiqs. except from the RH400 where k;q» < kjq3. A gradual decrease in kig values
was also observed with nitrates but not for all the cases. The k;q values for EGS800Mg were
kig1 > kige and kjq» < kg3, with the EGS800 constant as kjgq; < kjqp. The RH400, RH800, and
Coffee800Mg biochars had kiq; = 0 and thereafter k;q, > kjq3. The RH800 with ammonia
nutrients also had kiq; = 0. Finally, with EG5400 and Coffee400, kiq1 > kigo and kig» < kigs.

The external surface adsorption or instantaneous adsorption occurs in the first step; the
second step is the gradual adsorption step, where the intraparticle diffusion is controlled.
The third step is the final equilibrium step, where the solute moves slowly from the larger
pores to micropores causing a slow adsorption rate. The time required for the second
step usually depends on the variations of the system (including solute concentration,
temperature, and adsorbent particle size), which is difficult to predict or control [49].

The diffusion of materials depends on the surface’s characteristics and the nutri-
ent. The increase in pyrolysis temperature did not considerably affect the number of
stages. On the contrary, modification increased the segments of EGS from two to three,
remained the same with coffee and decreased the stages from three to two of RH for all
examined nutrients.

To estimate the actual rate-limiting step involved in the sorption process, the experi-
mental data were further analyzed by the Boyd model. If the plot of Bt against time is linear
and passes through the origin, the intraparticle diffusion controls the rate of mass transfer,
while if the plot is nonlinear or linear but does not pass through the origin, the film diffusion
or chemical reaction control the sorption rate [17,50]. The Boyd plot shows multi-linearity
over the time period studied (Figure 5), without passing through the origin for the majority
of the materials examined, thus rendering it quite difficult to predict whether external mass
transfer or intra-particle diffusion is the rate controlling step. Only EGS800Mg presented a
linear plot and passed through the origin for phosphates and ammonia.
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Figure 4. Intraparticle diffusion of: phosphates at an initial concentration of 10 mg PO, 3-P/L) for
(a) EGS, (b) RH, and (c) Coffee; nitrates at an initial concentration of 2.26 mg NO3-N/L) for (d) EGS,
(e) RH, and (f) Coffee and ammonia at an initial concentration of 7.77 mg NH3-N/L) for (g) EGS, (h)
RH, and (i) Coffee.

The pyrolysis temperature seems to affect the sorption capacity of the modified materi-
als for phosphates and nitrates. Generally, biochars pyrolyzed at 800 °C had higher sorption
capacity compared to biochars pyrolyzed at 400 °C [51] for the sorption of cadmium with
orange peel biochar. The materials pyrolyzed at different temperatures tend to have differ-
ent morphology and pore structures [16,52]. Modification led to higher sorption capacities
for the phosphates of all materials, but the unmodified materials were most efficient to
decrease the ammonia concentrations. The modified materials had higher pzc as well,
which can increase the sorption capacity of phosphorous due to high pH [29]. Biochars
modified by metals have a significantly higher capacity to remove ammonia, nitrates, and
phosphates than unmodified biochar, due to the change in the surface charge and the
increase in metal oxides on the biochar surface [53]. The modified eggshells at 800 °C
had a higher sorption capacity for phosphates and nitrates, but the EGS800 was superior
for ammonia. The RH biochar presented a better efficiency in removing phosphates and
nitrates compared to EGS. However, nitrate removal was not affected by the modification
but only by the temperature.
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Figure 5. Simulation of Boyd model of: phosphates at an initial concentration of 10 mg PO, ~3-P/L)
for (a) EGS, (b) RH, and (c) Coffee; nitrates at an initial concentration of 2.26 mg NO3-N/L) for (d)
EGS, (e) RH, and (f) Coffee; and ammonia at an initial concentration of 7.77 mg NH3-N/L) for (g)
EGS, (h) RH, and (i) Coffee.

3.3. Sorption Isotherm

The isotherm experiments were conducted with biochars exhibiting higher adsorption
efficiencies, based on the kinetic experiments results. More specifically, EGS800, EGS800Mg,
RH800, and RH800Mg were examined for a period of 48 h and at different nutrient concen-
trations. The experimental data were fitted with three isotherm models: linear (Figure 6a—c),
Langmuir (Figure 6d—f), and Freundlich (Figure 6g—i). The fitting of the experimental re-
sults for the three nutrients tested are presented in Table 4. The linear model does not fit
the data well. The Langmuir model fits the data better than the Freundlich model. The
correlation coefficient (R?) of the Langmuir isotherm was greater than 0.924 for all materials
and nutrients tested, indicating that sorption mainly occurred on the homogeneous surface
of biochars [6].
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Figure 6. Nutrient uptake by the four materials tested at initial concentration from 2.5 to 20 mg
PO4*3-P/ L, from 2 to 16 mg NO3-N/L, and from 2 to 16 mg NH3-N/L, solid to liquid ratio of
0.25 g/L and contact time 48 h: (a—c) experimental data, (d-f) linearized form of the Langmuir model
equation, and (g-i) linearized form of the Freundlich model equation.

The highest sorption capacity (qmax) for phosphates and ammonium was observed
with the EGS800 and was 11.45 mg PO,>~-P/g and 11.59 mg NH3-N/g, while the highest
nitrates sorption capacity was observed with the RH800Mg (5.24 mg NO3~-N). Unmodified
EGS biochar was more efficient for phosphate and ammonium nutrient. The modified EGS
biochars had almost half the sorption capacity for phosphates and nitrates compared to the
unmodified materials. Unmodified RH had almost the same sorption capacity (qmax) of 4.37,
4.79, and 4.01 mg/¢g for phosphates, nitrates, and ammonia, respectively. The modification
of RH resulted in higher sorption capacity by 34 and 158% for phosphates and ammonium,
respectively, while the differences were not so intense for the nitrates. A comparison of the
maximum sorption capacity of the various biochars, reported in the literature, is presented
in Table S1. Concerning phosphates, it seems that co-pyrolysis of eggshells and rice straw
resulted in notably higher sorption capacities compared to the pristine biochars [12]. The
rice straw pyrolyzed at 800 °C yielded a qmax of 5.58 mg phosphates-P/g, but when the
eggshells were mixed with rice straw at a mass ratio of 1:1, the produced biochar reached a
maximum sorption capacity of 231 mg phosphates-P/g [12]. The peanut shells modified by
magnesium and pyrolyzed at 600 °C were most effective since they reached a maximum
sorption capacity 94 mg nitrates-N/g [28].
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Table 4. Estimated parameters for the isotherm models employed.
Material Isotherm Model
Linear Langmuir Freundlich
Ky R? RSS Qmax K R? RSS Kr N R? RSS
(L/g) (mg/g)  (L/mg) (mg/g)(L/mg)N
PO, 3-P
EGS800 0.73 0.465 13 11.45 0.41 0.927 6.9 1.21 0.78 0.850 2.8
EGS800Mg 0.29 0.206 16 4.63 0.66 0.974 62 1.10 0.49 0.850 1.1
RH800 0.3 0.365 16 4.37 1.73 0.995 52 1.23 0.40 0.632 0.22
RH800Mg 0.41 0.438 15 6.62 0.43 0.941 33 1.09 0.43 0.908 0.01
NO3; -N
EGS800 0.26 0.39 12 3.04 2.48 0.998 7.6 1.19 0.31 0.604 2.3
EGS800Mg 0.13 0.148 13 1.71 0.93 0.983 3.5 0.96 0.21 0.857 1.9
RHS800 0.41 0.96 10 4.79 6.63 1 1.8 1.47 0.29 0.292 0.23
RH800Mg 0.41 0.427 11 5.24 0.63 0.965 3.2 1.47 0.29 0.877 0.3
NH;3-N
EGS800 1.06 0.164 7 11.59 1.14 0.982 1.8 1.47 0.72 0.634 8.0
EGS800Mg 0.79 0.413 9 9.54 0.69 0.97 49 1.32 0.69 0.737 2.6
RHB800 0.28 0.669 12 4.01 0.4 0.929 82 0.99 0.51 0.974 4.9
RH800Mg 0.86 0.355 8.5 10.34 0.62 0.941 44 0.99 0.51 0.753 3.5

From the presented results it can be summarized that the presence of Mg?* and Ca?*
is favorable for the adsorption of phosphates, as can be seen in Figure 3. The SSA values
are not a decisive factor for adsorption. It probably denotes that the reaction between Mg2*
(and Ca?* for the eggshell samples) with phosphates is responsible for the higher values
of adsorption. On the other hand, the presence of Mg?* and Ca?* has a detrimental effect
on the adsorption of NH3-N. Indeed, in this case, the modification process is not working
well. The differences in the sorption capacity between the biochars pyrolyzed at 400 °C
and 800 °C are rather small, if any, although the differences in the SSA values are high,
especially for the coffee and RH samples. Interestingly, the pzc of the samples seems to
influence the adsorption capacity. The samples with higher basicity and higher values
of pzc result in higher sorption. Thermodynamic studies have shown that the sorption
of phosphates [54] and ammonia nitrogen [55] is an endothermic reaction and that the
maximum sorption is achieved at higher temperatures.

The NO3™-N adsorption is more complicated. There is not a clear trend with either
the SSA, Mg?* content, or pzc value. This can be partially attributed to the low values of
sorption efficiency determined suggesting that the presence of Mg?* and the surface basicity
are not the decisive parameters for the sorption process. For the RH and coffee samples, the
modification with Mg and high pyrolysis temperature result in lower adsorption of nitrates,
while the modification of the samples pyrolyzed at 400 °C do not change the sorption
efficiency. The picture is quite different for the EGS samples, where the modification has a
positive effect for the 800 °C and a negative for the 400 °C cases.

One possible explanation is that the sorption process can be influenced from the
surface groups, which do not participate in the phosphates or the NH3-N sorption. These
groups generally consist of carbon species with different speciation and oxidation states
and surface O-containing species and they are active for surface reactions [56]. The surface
groups increase with the pyrolysis temperature and without modification. On the other
hand, modification with Mg and high pyrolysis temperatures consumed these sites and
disturbed the sorption. This is valid for the RH and coffee samples. In the case of the
EGS samples, the presence of Mg?* is limited and the modification with high pyrolysis
temperatures improved the sorption capacity.



Sustainability 2022, 14, 16483 18 of 20

4. Conclusions

A comparative study of different food waste processing materials such as eggshells,
rice husks, and spent coffee grains was conducted for the removal of phosphates, nitrates,
and ammonia from water. The materials were pyrolyzed at 400 and 800 °C with and without
magnesium modification. The kinetic experiments demonstrated that the magnesium-
modified EGS pyrolyzed at 800 °C were superior for the removal of phosphates (27.3 mg
P/g), while the RH pyrolyzed at 800 °C performed better for the removal of nitrates and
ammonia nitrogen, yielding sorption efficiency of 6.8 and 33.2 mg N/mg, respectively.
The modification of biochars resulted in better sorption capacities for phosphates for the
three materials tested. On the contrary, biochar modification did not favor the removal
of nitrates and ammonia nitrogen. In the case of ammonia, raw biochars exhibited better
performance. The pzc of the biochars seems to affect the sorption capacity. The samples
with higher basicity and higher values of pzc result in higher sorption efficiencies. The
materials investigated are easily available from local enterprises and local shops and
their use contributes to the valorization of food wastes and the minimization of waste
quantities disposed. Additional research work is needed to investigate the performance of
biochars in removing nutrients using real water and wastewater and the scaling up of the
sorption processes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su142416483 /s1, Figure S1: Materials examined, Table S1: Sorption
capacity of various biochars for phosphates, nitrates, and ammonia; Table S2: Scanning electron
microscope images of the biochars studied.
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