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Abstract: There has been increasing interest in using biochar for nutrient removal from water,
and its application for anionic nutrient removal such as in phosphate (PO4

3−) necessitates surface
modifications of raw biochar. This study produced avocado seed biochar (AB), impregnated Fe- or
Mg-(hydr)oxide onto biochar (post-pyrolysis), and tested their performance for aqueous phosphate
removal. The Fe- or Mg-loaded biochar was prepared in either high (1:8 of biochar to metal salt in
terms of mass ratio) or low (1:2) loading rates via the co-precipitation method. A total of 5 biochar
materials (unmodified AB, AB + High Fe, AB + Low Fe, AB + High Mg, and AB + Low Mg) were
characterized according to their selected physicochemical properties, and their phosphate adsorption
performance was tested through pH effect and adsorption isotherm experiments. Fe-loaded AB
contained Fe3O4, while Mg-loaded AB contained Mg(OH)2. The metal (hydr)oxide inclusion was
higher in Fe-loaded AB. Mg-loaded AB showed a unique free O–H functional group, while Fe-loaded
AB showed an increase in its specific surface area more than 10-times compared to unmodified
AB (1.8 m2 g−1). The effect of the initial pH on phosphate adsorption was not consistent between
Fe-(anion adsorption envelope) vs. Mg-loaded AB. The phosphate adsorption capacity was higher
with Fe-loaded AB in low concentration ranges (≤50 mg L−1), while Mg-loaded AB outperformed
Fe-loaded AB in high concentration ranges (75–500 mg L−1). The phosphate adsorption isotherm by
Fe-loaded AB fit well with the Langmuir model (R2 = 0.91–0.96), indicating the adsorptive surfaces
were relatively homogeneous. Mg-loaded biochar, however, fit much better with Freundlich model
(R2 = 0.94–0.96), indicating the presence of heterogenous adsorptive surfaces. No substantial benefit
of high loading rates in metal impregnation was found for phosphate adsorption. The enhanced
phosphate removal by Mg-loaded biochar in high concentration ranges highlights the important role
of the chemical precipitation of phosphate associated with dissolved Mg2+.

Keywords: biochar; metal impregnation; phosphate adsorption; precipitation; pH effect

1. Introduction

The nonpoint source pollution of nitrogen (N) and phosphorus (P) from agricultural
and urban fields amended with fertilizer and manure has been recognized as a major
contributor to human-induced eutrophication [1]. In particular, phosphate (PO4

3−) is a
limiting nutrient in aquatic ecosystems, and it is linked to accelerated eutrophication in
surface waters [2]. The P-induced eutrophication causes excessive aquatic plant growth,
blooms of harmful algae, and increased occurrence of anoxic conditions and fish deaths in
surface waterbodies [3]. The US EPA recommends that the total P concentration not exceed
0.10 mg L−1 in streams not discharging directly into reservoirs and not exceed 0.05 mg L−1

in streams discharging directly into reservoirs [4].
Several treatment technologies are known to remove phosphate from water such as

chemical precipitation using coagulants, anion exchange membranes, enhanced biological
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uptake, and adsorption [5]. The most common method in water and wastewater treatment
plants is chemical precipitation using ferric salts or alums, but its application generates a
large volume of sludge and requires rigorous monitoring [5,6]. Adsorption has been proven
to be a relatively simple, cost-effective method for removing phosphate [6–8]. Natural
adsorbent (e.g., zeolite, limestone), industrial waste product (e.g., fly-ash, steel slag), and
biochar have been used for phosphate removal [5,9]. Among them, biochar has been
viewed as a promising adsorbent as it offers the possibility of adsorbent regeneration and
slow-release fertilizer use [6–8]. Previous studies suggested that raw (unmodified) biochar
without surface modifications was found to have limited or no adsorption capacity for
oxyanions such as phosphate due to its net negative surface charge, causing electrostatic
repulsion between the biochar’s surface and phosphate ions [10–12].

Using the biochar as a base substrate to impregnate metal (hyr)oxides is a viable
method to improve phosphate removal by altering surface properties such as hydroxylated
functional groups [7,13]. The impregnation of biochar with metal oxides is achieved either
before or after pyrolysis (pre-pyrolysis or post-pyrolysis) via chemical co-precipitation
of the metal salts [13]. Raw biomass (pre-pyrolysis) or biochar (post-pyrolysis) is soaked
into solutions of metal chloride to form metal oxide–biochar composites by raising the
pH [13,14]. Frequently used metal salts include FeCl3, FeCl2, and MgCl2 [13–19]. The
advantage of Fe-loaded biochar is highlighted by its magnetic properties, which can
facilitate its separation after use [6]. Magnesium (Mg) is considered as a suitable cation for
metal impregnation due to its role in the chlorophyll formation of plants [20–22].

In this study, avocado seed was chosen as a biochar feedstock. With increasing
global avocado production (6.4 million tons per year), avocado seed after processing
(e.g., guacamole) is a substantial waste stream [23]. Note that local composting facilities do
not accept avocado seeds because the hard seed can damage the mechanical grinder in the
facility. Thus, making biochar using the avocado seed is an alternative way of recycling
the seed waste. A recent study found that the avocado seed biochar (AB) was effective in
removing aqueous lead [24].

The overall objective of this study was to examine the feasibility of Fe- or Mg-loaded
AB as adsorbents for phosphate removal. This study employed the post-pyrolysis metal
impregnation as it is applicable to existing raw biochar and the impregnation can be per-
formed as needed. To the best of our knowledge, there was no study directly comparing
the performance of Mg- vs. Fe-loaded biochar for phosphate removal via a post-pyrolysis
approach. Specific objectives were to (1) examine the physicochemical properties of un-
modified AB vs. Fe- or Mg-loaded AB under two contrasting loading levels, (2) determine
the effect of the initial pH on phosphate adsorption, and (3) investigate phosphate ad-
sorption behavior over varying concentration ranges (adsorption isotherm) affected by the
metal impregnation.

2. Materials and Methods
2.1. Biochar Production

The Hass avocado (Persea americana) with dark-green-colored, bumpy skin was pur-
chased from a local grocery store in South Texas, USA. Its typical weight was about 234 g,
and its seed accounted for 15% of the weight (35 g). The collected seeds were rinsed with
tap water, chopped in smaller sizes (1–2 cm), and oven-dried at 105 ◦C (Supplementary
Figure S1). Dry avocado seed cuts were placed in a quartz crucible and were pyrolyzed at
400 ◦C in a muffle furnace for 2 h, which was found to be the optimal pyrolysis temperature
for cationic heavy metal adsorption in previous studies [11,24]. The AB retained between
the No. 10 sieve (2 mm) and No. 35 (0.5 mm) were collected, rinsed with deionized (DI)
water, and oven-dried at 105 ◦C overnight for further use.

2.2. Metal-Loaded Biochar Preparation

Biochar–metal composites (metal-loaded AB) were produced under two metal loading
levels by impregnating AB with Fe- or Mg-chlorides (Table 1). High and low metal loadings
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(relative term) were based on the mass ratio of biochar to metal salt at 1:8 for high loading
and 1:2 for low loading. These comparatively high metal loadings were chosen based on
previous studies to ensure the metal impregnation of the AB [16,25–27]. For Fe-loaded AB
preparation, Fe (III) chloride hexahydrate (FeCl3·6H2O) and Fe (II) chloride tetrahydrate
(FeCl2·4H2O) were dissolved in DI water in 1:1 ratio, and AB was added to the Fe chloride
solution similarly to the method of a previous study [28]. While being stirred for 30 min,
an aqueous solution of 5 mol L−1 of NaOH was added to increase the pH (>10.0) in the
suspension (Supplementary Figure S2). The suspension was rested overnight with no
heating. The settled biochar–metal composites were collected through Whatman paper
(Filter Paper 415), rinsed with DI water, and oven-dried at 105 ◦C for further use. Mg-
loaded AB was prepared in a similar manner using Mg chloride hexahydrate (MgCl2·6H2O)
(Table 1; Supplementary Figure S3).

Table 1. Biochar and metal loadings for impregnation.

Metal Loaded AB Constituents Added to 0.5 L of Deionized Water Mass (g) Metal Chloride
(mmol L−1)

AB + High Fe Raw avocado seed biochar (AB) 5

Fe (III) chloride hexahydrate (FeCl3·6H2O) 20 148

Fe (II) chloride tetrahydrate (FeCl2·4H2O) 20 200

AB + Low Fe Raw avocado seed biochar (AB) 5

Fe (III) chloride hexahydrate (FeCl2 6H2O) 5 37

Fe (II) chloride tetrahydrate (FeCl2·4H2O) 5 50

AB + High Mg Raw avocado seed biochar (AB) 5

Magnesium chloride hexahydrate (MgCl2 6H2O) 10 394

AB + Low Mg Raw avocado seed biochar (AB) 5

Magnesium chloride hexahydrate (MgCl2 6H2O) 40 98

2.3. Biochar Characterization

Unmodified and metal-loaded AB were characterized for their selected physicochemi-
cal properties. For the crystal structure of the biochar materials, X-ray diffraction (XRD)
patterns were collected using a Bruker D2 X-ray diffractometer (Bruker, Billerica, Mas-
sachusetts, USA) from 10–80◦ in 2θ with a step of 0.05◦ and a 5 s counting time. The
biochar’s pH was measured by a pH meter (EC500, Extech Instruments, Waltham, MA,
USA) in a 1:10 ratio of biochar-to-solution (DI water) after 1 h of equilibration [24]. The
surface morphology of biochar samples was examined through a scanning electron mi-
croscope (SEM, ZEISS EVO LS10, Hitachi, Japan). The specific surface area of biochar
samples was determined by the Brunauer–Emmett–Teller (BET) multilayer adsorption
method via a surface area and porosity analyzer (Quantachrome Nova 2200e, Boynton
Beach, FL, USA). Surface functional groups of the biochar materials were examined using a
universal attenuated total reflectance Fourier transform infrared spectroscopy (UATR-FTIR)
(Perkin-Elmer Frontier FTIR, Waltham, MA, USA). The FTIR spectra were obtained from the
4000 to 650 cm−1 region using an average of 32 scans at a resolution of 4 cm−1. Proximate
analysis was performed to determine volatile matter (mobile matter), fixed matter, and ash
content in the biochar materials [28].

2.4. Initial pH Effect on Phosphate Adsorption

Biochar samples (0.1 g) were equilibrated with 30 mL of 10 mg L−1 phosphate solutions
varying in initial pH (3, 5, 7, 9 and 11) for 24 h in duplicates. After the equilibration, the
supernatants were filtered through 0.45 µm syringe filter and measured for their phosphate
concentration by a HACH DR3900 spectrophotometer (HACH, Loveland, CO, USA) via
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the HACH method 8114 (Molybdovanadate Method). The phosphate adsorption by the
biochar samples (%) was calculated for data presentation.

phosphate adsorption (%) = 100 × (1 − Cf/C0) (1)

where C0 is the initial concentration of phosphate in the solution (mg L−1) and Cf is the
final (equilibrium) concentration of phosphate in the solution after equilibration (mg L−1).

2.5. Phosphate Adsorption Isotherm

For adsorption isotherm (room temperature ~20 ◦C and initial pH~6.5), 0.1 g of biochar
was equilibrated with 30 mL of phosphate solutions at different concentrations (5, 10, 25,
50, 75, 100, 250 and 500 mg L−1) for 24 h in duplicates. The supernatants were filtered
through a 0.45 µm syringe filter and measured for their phosphate concentration using
the aforementioned method. The amount of phosphate adsorbed by the biochar material
(q in mg g−1) was calculated by:

q = (C0V − CfV)/M (2)

where C0 is the concentration of phosphate in the initial solution (mg L−1), V is the volume
of liquid (L), and M is dry weight of biochar (g).

The adsorption data were fitted by two adsorption models (Langmuir and Freundlich).
It is important to note that both adsorption isotherms models are based on macroscopic
data, and they do not infer which retention mechanisms (e.g., adsorption or precipitation)
are operating [29,30]. The Langmuir model is described by:

q = (Smax KLCf)/(1 + KLCf) (3)

where Smax is the maximum adsorption capacity (mg g−1) and KL is an affinity constant
to bonding energy (L g−1). The Langmuir equation (Equation (3) can be rearranged for a
linearized form:

Cf/q = 1/(KLSmax) + Cf/Smax (4)

A linear regression of Cf/q as a function of Cf yields the slope to be 1/Smax and the
y-intercept as equal to 1/(KLSmax).

The Freundlich model is described by:

q = KF (Cf)
1/n (5)

where KF is the Freundlich affinity coefficient ([mg g−1]/[mg L−1]−1/n), n is the Freundlich
linearity constant, and 1/n indicates the surface heterogeneity [27,31]. These parameters
were determined using the linearized form of the Freundlich equation:

log q = log KF + 1/n log Cf (6)

A linear regression between log q and log Cf yields the slope to be 1/n and the
y-intercept to be log KF.

For both isotherm models, Akaike Information Criterion (AIC) was estimated to
examine the goodness of model fittings as a function of the sum of the squared errors [32,33].
Lower AIC values indicate a better-fitting model [33,34].

AIC = 2K + N ln
(

SSE
N

)
+

2K(K + 1)
N − K − 1

(7)

SSE = ∑N
i

(
qexperimental − qmodel

)2

i
(8)
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where K is the number of parameters of the adsorption model (K = 2), N is the number of
experimental points (N = 8), SSE is the sum of squared errors, qexperimental is the measured
q value, and qmodel is the fitted q value from the adsorption models.

3. Results and Discussion
3.1. Biochar Characterization

The XRD pattern for Fe-loaded AB (Figure 1) showed peaks corresponding to mag-
netite (Fe3O4), which showed the (111), (220), (311), (400), (422), (511), and (440) diffraction
planes [35,36]. The magnetite was in the standard cubic crystal FM-3M with sides of 8.38 Å,
confirming that Fe-loaded AB was impregnated with Fe3O4. The XRD pattern for Mg-
loaded AB showed peaks corresponding to Mg(OH)2, which showed the (001), (101), (102),
(110), and (103) diffraction planes [37]. It was a hexagonal crystal with space group P-3m1
with a= 3.12 = b, c = 4.73 Å, and γ = 120.
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Figure 1. XRD pattern of avocado seed biochar (AB): (a) Fe-loaded AB and (b) Mg-loaded AB.

As can be seen in Table 2, the Fe-loaded AB had a pH of 7.4–8.2, which was lower
than that of modified biochar (8.8), while Mg-loaded AB showed a higher pH (9.7–9.9).
The difference in pH reflects the original pH of the Fe chloride solution (pH < 2.0) and
Mg chloride (pH~5.0) (Supplementary Figures S2 and S3). Proximate analysis results shed
some insight on the mass distribution of biochar–metal composites (Table 2). Note that the
ash content of a biochar represents inorganic mineral fractions, and the higher inclusion
of metal oxide is expected to increase its ash content while decreasing fixed matter [38,39].
For example, unmodified AB showed an ash content at 6.8 %, and Mg-loaded AB showed a
slightly higher level of ash content (8.1–8.5%). Fe-loaded AB, however, showed more than
5 times greater ash content (42% for AB + High Fe and 75% for AB + Low Fe), indicating
the higher inclusion of Fe oxide (Fe3O4). Fixed matter (i.e., stable carbon portion from AB)
was the opposite. Fe-loaded AB showed much lower fixed matter (<39%) than unmodified
AB and Mg-loaded AB (62–72%). This result confirms that Fe-loaded AB contained a
greater portion of metal oxide compared to its Mg counterpart. It is important to note that
Mg-loaded AB showed distinct blue granules, indicating the presence of Mg(OH)2, while
the presence of Fe3O4 was not visually obvious in Fe-loaded AB other than a slight color
change to very dark brown color (Figure 2).

Mg-loaded AB had a similar surface area (1.4–2.2 m2 g−1) as unmodified AB
(1.8 m2 g−1). Fe-loaded AB had a more than 9-fold increase in the surface area, with
AB + High Fe being the highest (49.9 m2 g−1) followed by AB + Low Fe (17.1 m2 g−1).
Previous studies suggested that metal-loaded biochar decrease the surface area, possibly
due to pore blockage with metal oxide precipitates, but this was not the case in the current
study [13,40–42]. The surface area increased by Fe-loading the biochar, which has been
reported in other studies [43,44]. Note that the same metal chloride loadings (high or low)
were used for both Fe- and Mg-impregnation on AB in the current study (Table 1). In
general, the increase in surface area in metal-loaded biochar is attributed to the smaller
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sizes of the metal precipitates [17]. Thus, the enhanced surface area of Fe-loaded AB was
likely due to the finer-size of Fe3O4 precipitates, particularly in AB + High Fe.

Table 2. Physicochemical properties of the avocado seed biochar (AB) materials.

Unmodified AB AB + High Fe AB + Low Fe AB + High Mg AB + Low Mg

Volatile matter (%) 19.6 16.0 9.7 14.4 23.8

Ash (%) 6.8 42.1 75.0 8.1 8.5

Fixed matter (%) 71.6 38.5 12.6 71.7 62.3

Surface area (m2 g−1) 1.8 49.9 17.1 1.4 2.2

pH 8.8 7.4 8.2 9.9 9.7
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The SEM images showed that unmodified AB had honeycomb-like surface pore struc-
tures derived from avocado seed biomass (Figure 3). The pore size was approximately in the
range of 20–100 µm in diameter. Fe-loaded AB showed an accumulation or coating of Fe3O4
precipitates onto the existing surfaces of AB, which was not evident in Mg-loaded AB.
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Figure 4 shows the FTIR spectra of Fe- or Mg-loaded AB overlayed with unmodified
AB. Overall, all biochar displayed broad peaks (3500–3200 cm−1) by O–H stretching (water,
H-bonded hydroxyl groups) to varying degrees, indicating the dehydration of cellulosic
and ligneous components of AB [24,45]. The O–H stretching appeared to be more intense
in Fe-loaded AB and less intense in Mg-loaded AB. It was notable that Mg-loaded AB
showed a sharp peak at 3699 cm−1 (free O–H stretching; alcoholic and phenolic OH, not
hydrogen bonded), reflecting the presence of Mg(OH)2 [46]. Note that the current study
did not measure FTIR after phosphate adsorption (spent biochar). A previous study found
that the O–H group derived from the metal-loaded biochar became weaker, and a P–O
peak appeared in the FTIR spectra after phosphate adsorption, indicating the group of O–H
was replaced by P [19]. Aliphatic moieties (C–H stretching at 3050 cm−1) were observed
in unmodified AB and Fe-loaded AB (lesser extent), but the C–H stretching disappeared
in Mg-loaded AB. All biochar displayed C=O stretching at 1740–1700 cm−1, indicating
carboxylic groups and traces of aldehydes, ketones, and esters [24,45]. Aromatic moieties
(C=C stretching at 1600, 1510, and 1440 cm−1; C–H bending at 885, 815, and 750 cm−1)
were observed in varying degrees in the fingerprint region [11,47].

Clean Technol. 2022, 4, FOR PEER REVIEW    7 
 

 

 

Figure 3. SEM images of avocado seed biochar (AB): (a) unmodified AB, (b) AB + High Fe, (c) AB + 

Low Fe, (d) AB + High Mg, and (e) AB + Low Mg. 

 

Figure 4. Fourier transform infrared (FTIR) spectra of avocado seed biochar (AB). 

3.2. Intial pH Effect on Phosphate Adsorption 

Unmodified AB equilibrated with 10 mg PO43‐ L−1 showed no phosphate adsorption 

and released phosphate from the biochar itself, as noted in other studies of plant‐ or wood‐

based biochar (Figure 5) [7,48]. Thus, unmodified AB was not included for the phosphate 

adsorption isotherm. The greatest release of phosphate (25%) was found in the lowest pH 

Figure 4. Fourier transform infrared (FTIR) spectra of avocado seed biochar (AB).

3.2. Intial pH Effect on Phosphate Adsorption

Unmodified AB equilibrated with 10 mg PO4
3− L−1 showed no phosphate adsorption

and released phosphate from the biochar itself, as noted in other studies of plant- or wood-
based biochar (Figure 5) [7,48]. Thus, unmodified AB was not included for the phosphate
adsorption isotherm. The greatest release of phosphate (25%) was found in the lowest pH
(3.0). Overall, Fe-loaded AB (59–100%) showed higher phosphate adsorption than Mg-
loaded AB (<41%) over a pH range of 3–11. For Fe-loaded AB, the phosphate adsorption
decreased with an increasing pH, representing an adsorption envelope for anions [30].
According to the adsorption envelope phenomenon for anions, the Fe-loaded biochar
surface becomes more protonated and positively charged with a decreasing pH, causing
increased phosphate adsorption by electrostatic attraction. The phosphate adsorption is
expected to decrease with an increasing pH due to the increased negatively charged surface,
resulting in the electrostatic repulsion of phosphate [49]. Note that this study did not
measure the point of zero charge (PZC). Assuming a PZC of magnetite at pHpzc~6.5, it
is expected that the surface charge of magnetite starts to become negatively charged at
pH > 6.5, which is in agreement with the decreased phosphate adsorption at pH > 5.0 in
the current study [50].
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Figure 5. Phosphate adsorption affected by initial solution pH (3–11).

Mg-loaded AB showed the opposite trend, where phosphate adsorption increased
with an increasing pH (Figure 5). Previous studies found that the pHpzc of Mg(OH)2-
modified biochar was in the range of 10–12 [51–53]. According to this pHpzc, the net
charge of Mg-loaded AB in the current study is positively charged at pH < 10–12, and
phosphate adsorption would increase progressively with a decreasing pH by electrostatic
attraction [54]. However, this was not the case for the Mg-loaded AB in the current study.
The precipitation of phosphate associated with Mg(OH)2 was likely to occur with an
increasing pH, resulting in increased phosphate adsorption (will be discussed more in the
next section) [49].

3.3. Adsorption Isotherm

The phosphate adsorption data for Fe-loaded AB was explained better by the Langmuir
model (R2 = 0.91–0.96) than the Freundlich model (R2 = 0.88–0.90) (Figure 6; Table 3). The
Smax values (maximum phosphate adsorption capacity) of Fe-loaded AB were 15 mg g−1

for AB + High Fe and 12 mg g−1 for AB + Low Fe. It was notable that the Langmuir
model did not explain well the phosphate adsorption by Mg-loaded AB (R2 = 0.45–0.46),
but the Freundlich model did (R2 = 0.94–0.96). The goodness of model fittings was better
with the Freundlich model in all cases when comparing AIC (Table 3). The Smax values
of Mg-loaded AB were 30 mg g−1 for AB + High Mg and 40 mg g−1 for AB + Low Mg,
but the validity of Smax values was questionable due to the poor fitting of measured data
with the Langmuir model. Note that the Langmuir model assumes that adsorption occurs
on a finite number of adsorption sites (monolayer coverage), allowing the estimation of
Smax [27,30]. The Freundlich model is applicable for adsorption onto heterogenous surfaces
with multiple stacking of adsorbates (multiple layer coverage), and the adsorption capacity
is assumed to increase continuously with no adsorption maximum [55,56]. The distinct
presence of Mg(OH)2 granules in Mg-loaded AB (Figure 2) may explain the heterogenous
nature of the surface and the better fitting with the Freundlich model. Note that the 1/n
value from the Freundlich model indicates the surface heterogeneity of an adsorbent [27].
Mg-loaded AB (0.64–0.78) had more than two-times greater 1/n values than those of Fe-
loaded AB (0.31–0.33), indicating the heterogeneous nature of surface adsorption sites in
Mg-loaded AB.

The phosphate adsorption (Fe- vs. Mg-loaded AB) was higher with Fe-loaded AB
in a low range of phosphate concentrations (≤50 mg L−1) (Figure 6). For example,
the amount of phosphate adsorbed after equilibrating 10 mg L−1 was in the order of
AB + High Fe (2.7 mg g−1) > AB + Low Fe (2.3 mg g−1) > AB + High Mg (1.1 mg g−1) > AB
+ Low Mg (1.0 mg g−1). Overall, phosphate adsorption isotherm data by Mg-loaded AB
followed an S-type isotherm, where at low concentrations, the surface has a low affinity
for the adsorptive, which increases at higher concentrations [30]. For relative comparison,
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the amount of phosphate adsorbed after equilibrating 500 mg L−1 was in the order of
AB + Low Mg (32.0 mg g−1) > AB + High Mg (30.0 mg g−1) > AB + High Fe (14.2 mg g−1)
> AB + Low Fe (7.8 mg g−1). These values were within the low end of reported phosphate
sorption capacities for Fe-modified biochar (11–114 mg g−1) and Mg-modified biochar
(33–2720 mg g−1) from the literature [6,54].
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Table 3. Adsorption parameters estimated from the Langmuir and Freundlich adsorption models.

Model Parameter AB + High Fe AB + Low Fe AB + High Mg AB + Low Mg

Langmuir

Linearized equation y = 0.0763x + 3.7393
(R2 = 0.91)

y = 0.0825x + 2.7632
(R2 = 0.96)

y = 0.033x + 6.4971
(R2 = 0.45)

y = 0.0251x + 6.9383
(R2 = 0.46)

Smax (mg g−1) 14.86 12.12 30.29 39.79

KL (L mg−1) 0.02 0.03 0.01 0.04

CIA 32 24 145 127

Freundlich

Linearized equation y = 0.2846x + 0.2691
(R2 = 0.88)

y = 0.3408x + 0.1908
(R2 = 0.90)

y = 0.6422x + 2.6492
(R2 = 0.94)

y = 0.7797x + 2.4147
(R2 = 0.96)

KF 1.80 1.57 446 260

n 3.26 2.99 1.56 1.28

1/n 0.31 0.33 0.64 0.78

CIA 16 9 79 86

Main phosphate retention mechanisms by metal-loaded biochar include: (1) elec-
trostatic attraction, (2) ligand exchange, (3) complexation, and (4) chemical precipita-
tion [6,22,54]. While the current study does not reveal the exact mechanism, the en-
hanced phosphate adsorption by Mg-loaded AB in the high phosphate concentration range
(75–500 mg L−1) could be attributed to the precipitation of phosphate with dissolved Mg2+.
A previous study using Mg(OH)2/ZrO2 found that part of the impregnated Mg(OH)2
was dissolved, and the presence of Mg2+ facilitated phosphate adsorption through the
formation of an Mg–PO4–ZrO2 ternary inner-sphere complex [53]. Similar results were ob-
served with a calcium (Ca2+)-rich biochar, where Ca2+ and HPO4

− formed non-crystalline
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Ca3(PO4)2 precipitates, which converted to stable Ca5(OH)(PO4)3(s) [49]. Note that the
final solution’s pH after phosphate adsorption isotherm was 6.8–7.8 for Fe-loaded AB,
while it was 8.9–9.7 for Mg-loaded AB in the current study. Assuming metal-phosphate
precipitation is favored at a high pH, a substantial portion of phosphate, particularly in the
high phosphate concentration range, was likely to be removed by precipitation reactions in
the Mg-loaded AB [40,57].

4. Conclusions

In this study, Fe- or Mg-loaded AB was generated by a post-pyrolysis, co-precipitation
method and compared against unmodified AB for selected physicochemical properties
and phosphate adsorption. Avocado seed was successful as a biochar feedstock material,
and our results demonstrated clear benefits of the metal impregnation with regard to
enhancing phosphate adsorption. This highlights its potential use for point-of-use water
treatment (e.g., military use) where the source water is experiencing elevated levels of phos-
phate. Unmodified AB was not effective for phosphate adsorption and released phosphate
more under acidic conditions. Fe-loaded AB performed better in low phosphate ranges
(≤50 mg L−1); however, Mg-loaded AB outperformed Fe-loaded AB in high phosphate
ranges (75–500 mg L−1). The initial pH effect on phosphate adsorption followed a typical
adsorption envelope of anions for Fe-loaded AB, indicating that electrostatic attraction
played a key role for Fe-loaded AB. For Mg-loaded AB, the chemical precipitation of phos-
phate associated with dissolved Mg2+ was likely to play a key role for phosphate adsorption
in high concentration ranges (75–500 mg L−1). This study employed two loading levels
(high and low) of metal impregnation, and the phosphate adsorption results did not show a
significant benefit from high loading for metal impregnation. It is important to note that the
current study did not perform kinetic experiments, phosphate desorption from the spent
biochar, and the associated economics for phosphate removal and reuse. Further investiga-
tions addressing the biochar–metal dosage relationship for impregnation, different biochar
feedstocks and pyrolysis conditions, testing under flowing conditions, and regeneration
(desorption) aspects of phosphate are desirable to warrant Fe- or Mg-loaded biochar as
a promising and sustainable sorbent for aqueous phosphate removal and their use as a
slow-release fertilizer. The phosphate removal using similar metal-impregnated biochar
should consider the local availability of biomass, pyrolysis conditions, metal impregnation
processes, and potential economics of the spent biochar.
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Mg-loaded avocado seed biochar.
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