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Abstract: High concentrations of contaminants such as ammonia nitrogen and organic matter in
full-strength wastewater severely inhibit the growth of microalgae, contributing to lower biomass
accumulation and contaminant removal efficiency. To overcome this limitation, modified biochars pre-
pared from pine sawdust and sugarcane bagasse were used in this study as an adsorbent–desorbent
for the pretreatment of wastewater to promote the growth of microalgae. The results showed that
the two modification methods (acid/alkaline modification and magnesium salt modification) used
in the experiment could increase the abundance of oxygen-containing functional groups. Moreover,
magnesium salt modification could effectively improve the pore structure of biochar surfaces and
increase the specific surface areas. Compared with the pristine biochars, the adsorption performance
of the modified biochar was found to be significantly higher for nutrients in wastewater. The adsorp-
tion capacity of the acid/alkaline-modified pine sawdust biochar reached 8.5 and 16.49 mg·g−1 for
ammonia nitrogen and total organic carbon in wastewater, respectively. The magnesium salt modified
pine sawdust biochar achieved a more comprehensive nutrients adsorption capacity of 15.68, 14.39,
and 3.68 mg·L−1 for ammonia nitrogen, total organic carbon, and total phosphorus, respectively. The
mechanism of ammonia nitrogen adsorption was mainly the complexation of surface -OH functional
groups, while the adsorption mechanism for phosphate was mainly the complexation of -OH and
Mg-O functional groups and the chemical precipitation of MgO or Mg(OH)2 attached to the surface.

Keywords: biochar; biogas slurry; wastewater pretreatment; modification; nutrients removal

1. Introduction

Microalgae is an important biomass resource that can be used to produce animal feed,
plant fertilizer, and biodiesel [1], etc., and in some peculiar cases can also be used as a
novel biosorbent for the recovery of valuable elements from waste streams [2,3]. However,
high cultivation cost is an obstacle to the commercialization of microalgae [4]. In recent
years, the use of urban wastewater for microalgae cultivation has been studied as a possible
way to reduce the cultivation cost and commercialize microalgal biomass, in some cases
resulting in the successful creation of pilot plants [5]. Previous studies reported the use of
biogas slurry, municipal sewage, dairy-derived liquid digestate, and many other sources
of wastewater for microalgae cultivation [6–8]. Among all of these wastewater sources, in
biogas slurry, it was found that microalgae are also able to absorb organic matter, ammonia
nitrogen, and phosphorus as nutrients for growth [9]. Indeed, the cultivation of microalgae
in biogas slurry can recover nutrients at high efficiency and low cost, realizing the resource
utilization of biogas slurry and producing microalgal biomass.
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Currently, cultivation of microalgae in full-strength biogas slurry is difficult to achieve
because of the high concentration of nutrients. The higher levels of nutrients such as
organic matter and NH4

+-N in biogas slurry severely inhibit the growth of microalgae [8].
For example, high concentrations of NH4

+-N in biogas slurry can cause depolarization of
the cell membrane of microalgae, leading to inhibition of intracellular anion transport and
ultimately disturbing the growth and metabolism of microalgae [10]. The free fatty acids
in biogas slurry have cytotoxic effects on the cytoplasmic membrane of some microalgae,
causing changes in the permeability of the cytoplasmic membrane, resulting in the leakage
of K+ from the inside of cells and the stress lysis of algal cells [11]. Therefore, it is necessary
to pretreat biogas slurry before using it for microalgae cultivation.

Traditionally, common pretreatment methods for biogas slurry include freshwater
dilution [12], air-bubbling assisted ammonium stripping [13], and ozone oxidation [14].
Although these methods can reduce the toxicity of biogas slurry to microalgae to some
extent, they suffer from high freshwater consumption, limited types of contaminants
treated, and high cost, and are not suitable for large-scale pretreatment of biogas slurry.

Adsorption is regarded as an effective wastewater treatment technology because it has
the advantage of economical, direct, and effective removal of contaminants [15]. Different
adsorbents, such as zeolite [16] and activated carbon [17], have been reported to be effective
in adsorbing contaminants from wastewater; however, there are significant limitations of
both adsorbents due to the limited availability of zeolite and the high cost of activated
carbon [18,19]. Light-weight biochar is a new type of adsorbent that uses various types of
waste biomass pyrolyzed under low or no oxygen conditions, including forest residues [20],
agricultural residues [21], food processing waste [22], and animal manure [23]. Owing to
its high porosity [24], large specific surface areas [25], and large ion exchange capacity [26],
biochar is emerging as an environmentally friendly and economical alternative for the
removal of inorganic and organic contaminants from the aqueous phase [27]. In recent
years, many studies on the use of biochar as an adsorbent have been conducted. Yang
et al. [28] prepared biochars from pine sawdust and wheat straw to study their adsorption
effects on NH4

+-N and found that the adsorption effect of biochar prepared from pine
sawdust on NH4

+-N was higher than that of biochar prepared from wheat straw, and
the adsorption mechanism was attributed mainly to electrostatic attraction and chemical
bonding. Jiang et al. [29] prepared ZnAl-layered double hydroxide-loaded banana straw
biochar (ZnAl-LDH-BSB) through a hydrothermal method to evaluate its adsorption effect
on phosphate and found that the largest adsorption of ZnAl-LDH-BSB on phosphate
reached 185.19 mg·g−1. Lima et al. [30] compared the adsorption capacity of biochars from
eight different raw materials for Cu2+, Cd2+, Ni2+, and Zn2+ before and after modification,
and showed that the modified biochar could be a better heavy metal adsorbent because
of its higher specific surface areas and more effective functional groups. Chun et al. [31]
conducted a study on the adsorption of benzene and nitrobenzene on acid-modified wheat
straw biochar at different pyrolysis temperatures and revealed that biochars prepared at
high pyrolysis temperature (500–700 ◦C) had strong surface adsorption due to its higher
specific surface areas.

Pine sawdust is a by-product of sawmill sawing, and sugarcane bagasse is a by-
product generated in large amounts by sugar and alcohol industries, both of which are
often disposed of as waste or simply burned to produce bioenergy. At present, crop straw
as a bioenergy has been gradually replaced by new energy sources. The preparation of
biochar from pine sawdust and sugarcane bagasse and the use of biochar as an adsorbent
to remove contaminants from wastewater could have the dual function of waste utilization
and pollution reduction. Biochar is prepared by high-temperature carbonization, which
can be used as an adsorbent for nitrogen and phosphorus, so as to realize the reuse of
agricultural and forestry wastes, and at the same time, biochar adsorbed with ammonia
nitrogen and phosphorus can be returned to the field as a slow-release fertilizer.

In this study, pine sawdust and sugarcane bagasse were used as raw materials to
prepare nine biochars by changing the pyrolysis conditions and modification methods for
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the removal of nutrients from simulated wastewater. The specific objectives of this study
were to: (1) compare and determine the nine biochar adsorption capacities of nutrients;
(2) study the possible adsorption mechanisms of nutrients; and (3) provide references for
pretreating wastewater and promoting microalgal biomass accumulation.

2. Materials and Methods
2.1. Wastewater Characteristics

In this study, simulated wastewater was prepared based on real biogas slurry charac-
teristics, and the average values of nutrient concentrations in the effluent of a matching
anaerobic fermentation project in a pig farm (114.93◦ E, 27.80◦ N, Xinyu, China) were
referred to determine the concentrations of simulated wastewater indicators (Table 1).
Compositions of simulated wastewater were shown as follows: CH3COONa (0.68 g·L−1),
K2HPO4 (0.25 g·L−1), KH2PO4 (0.25 g·L−1), NH4Cl (3.60 g·L−1), Yeast Extract Powder
(1.00 g·L−1), Peptone (0.50 g·L−1), Na2CO3 (1.00 g·L−1). Initial pH value of the simulated
wastewater was around 8.65. All chemicals were of analytical grade and purchased from
Sinopharm Chemical Reagents Co., Ltd. (121.48◦ E, 31.23◦ N, Shanghai, China).

Table 1. Characterization of the sterilized simulated wastewater.

Parameter Values (Means ± SD)

Total carbon (TC) (mg·L−1) 953.70 ± 5.14
Total organic carbon (TOC) (mg·L−1) 877.20 ± 4.80

Inorganic carbon (IC) (mg·L−1) 76.50 ± 0.34
Total nitrogen (TN) (mg·L−1) 1198.00 ± 17.00

Ammonia nitrogen (NH4
+-N) (mg·L−1) 955.00 ± 1.50

Total phosphorus (TP) (mg·L−1) 150.00 ± 0.60
pH 8.65 ± 0.00

2.2. Preparation and Characterization of Biochars
2.2.1. Preparation of Biochars

In the present study, nine biochars were prepared, characterized, and used for ad-
sorption purposes (four pristine biochars and five modified biochars). Pine sawdust and
sugarcane bagasse were selected as raw materials for the present study and they were
purchased at a farmer’s market (115.96◦ E, 28.68◦ N, Nanchang, China). These two raw
materials were milled into powders with particle sizes smaller than 0.5 mm. Then, all
powdered materials were washed with deionized water (DI, 18.2 MΩ) three times and
dried at 80 ◦C overnight.

First, starting from the raw materials, two pristine biochars were prepared. In order
to obtain the optimal adsorption performance, the optimal pyrolysis temperatures for the
preparation of pristine biochars from pine sawdust and sugarcane bagasse were referred
in Yang et al. [32] and Ding et al. [33], respectively. The pristine pine sawdust biochar
(PS300) and pristine sugarcane bagasse biochar (SB400) were produced at the pyrolysis
temperatures of 300 ◦C and 400 ◦C, respectively, and the pyrolysis reactions were carried
out in a tube furnace (OTF-1200X, KEJING, CN) with a residence time of 4 h. The tubular
furnace temperature was programmed to increase its temperature by 5 ◦C·min−1 until
it reached the specified value. To ensure uniform heating conditions and an oxygen-free
environment, nitrogen (N2) was used as flush gas. Afterward, it was rinsed 3 times with DI
water and dried at 80 ◦C overnight.

Then, two modification methods were applied (acid/alkaline modification and magne-
sium salt modification) [21] to the previously prepared pristine biochars and pine sawdust,
in order to obtain three modified biochars. First, the two pristine biochars prepared above
(PS300 and SB400) were modified by acid/alkaline modification method and prepared
two modified biochars (A-PS300 and A-SB400). Briefly, for their preparation, 10 g of each
biochar was impregnated in 1 M HCl and 1 M NaOH at a ratio of 10:1 (v/w) for 4 h in turn.
Then, the biochars were washed to neutral with DI water and dried at 80 ◦C overnight.
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Secondly, the third modified biochar was prepared by applying a magnesium salt modifica-
tion method to the pine sawdust, also changing the pyrolization conditions. In particular,
about 40 g of pine sawdust was dipped in 1 M MgCl2 solution at a mass-to-volume ratio
of 1:10 for 2 h [34]; during this period the mixture was shaken several times. After that,
the solution was heated until nearly dry and then dried at 80 ◦C overnight. Finally, the
treated samples were pyrolyzed to obtain the modified biochar (Mg-PS500-2.5). In this case,
pyrolysis temperature was increased to 500 ◦C to further increase the BET surface areas of
biochar [35]. Moreover, the pyrolysis time was reduced from 4 h to 2.5 h in order to reduce
energy consumption and wastewater pretreatment costs.

In addition, in order to compare the effects of different pyrolysis temperatures and
pyrolysis times on the adsorption effect of biochar under magnesium salt modification,
pine sawdust samples treated with 1 M MgCl2 solution were pyrolyzed for 4 h at 300 ◦C
and 500 ◦C (Mg-PS300 and Mg-PS500-4), and two pristine biochars without pretreatment
were pyrolyzed at 500 ◦C for 2.5 h and 4 h (PS500-2.5 and PS500-4). The conditions for
preparation were described above. Finally, all biochars were sieved to a mesh size of
0.25–0.28 mm and stored in desiccator for characterization and adsorption experiments.

2.2.2. Characterization of Biochars

The functional groups present in biochars were measured by a Fourier transform
infrared (FTIR) spectrometer (Tensor-27, Bruker, DE) in the range of 400 to 4000 cm−1.
The surface morphology of biochar samples was examined using a scanning electron
microscopy (SEM) system (HITACHI, Regulus 8100, JPN). The surface areas of biochar
samples were determined by N2 adsorption at 77 K on a surface area analyzer (JWGB,
JW-BK132F, CN).

2.3. Adsorption and Desorption Experiments

To evaluate the difference in adsorption and desorption capacity of biochars from
the two raw materials (pine sawdust and sugarcane bagasse), adsorption and desorption
experiments were conducted with the two pristine biochars (PS300 and SB400). Adsorption
experiment was conducted at 25 ± 0.5 ◦C by combining 1.0 g of biochar with 30 mL of
sterilized simulated wastewater in a 50 mL centrifuge tube. Tubes were oscillated evenly,
then continuously shaken at 120 r·min−1 at 25 ± 0.5 ◦C for 72 h. During this time, the
concentrations of NH4

+-N, TN, TOC, IC, TC, and TP were determined by taking 1 mL of
sample solution at 3, 6, 12, 24, 48, and 72 h. Before each sampling, the water sample was
allowed to stand for 10 min before the supernatant was taken. The supernatant was filtered
with a 0.45 µm membrane filter in order to recover only the liquid phase. Then, the filtrate
was diluted: (i) 10 times for TC, IC, TOC, and TN analysis, which were performed using a
TOC/TN analyzer (Multi N/C 3100, Analytik Jena AG, Germany); and (ii) 200 times for
NH4

+-N and TP analysis using a multiparameter water quality analyzer (5B−6C, Lianhua,
China). In the desorption experiment, the biochars (PS300 and SB400) were taken out at the
end of the adsorption experiment and then dried naturally. The collected biochars were
added to a 50 mL centrifuge tube with 30 mL sterilized DI water and then continuously
shaken at 120 r·min−1 at 25 ± 0.5 ◦C for 72 h. The concentrations of NH4

+-N, TN, TOC,
IC, TC, and TP were determined in the supernatant with the same sampling times and
methodology described above for the adsorption experiment.

Then, the equilibrium adsorption capacities of five modified biochars (A-PS300, A-
SB400, Mg-PS300, Mg-PS500-2.5, and Mg-PS500-4) and a pristine biochar (PS500-2.5) were
determined. Adsorption experiment was conducted at 25 ◦C by combining 1.0 g of biochar
with 30 mL of sterilized simulated wastewater in a 50 mL centrifuge tube. The tube was
oscillated evenly, then put in the constant temperature shaker (120 r·min−1). The above
adsorption experiment proved that 24 h reaction time was sufficient to ensure that the six
biochars reached adsorption saturation. So, 24 h later, the sample solution was filtered
through with a 0.45 µm membrane filter, and then the concentrations of NH4

+-N, TN, TOC,
IC, TC, and TP were determined. Measurement methods were as described earlier.
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All above experiments were set up in three replicates and the average values were
calculated. The amount of NH4

+-N, TN, TOC, IC, TC, and TP adsorption at reaction
equilibrium was calculated according to Equation:

qe =
V(C0 − Ce)

m

where qe is the adsorption capacity of biochar (mg g−1), C0 and Ce are the initial and equi-
librium concentrations (mg·L−1), respectively, V is the volume of the sterilized simulated
wastewater (L), and m is the mass of the biochar (g).

3. Results and Discussion
3.1. Characterization of Biochars

Figure 1 shows the SEM images of PS300 (a), A-PS300 (b), SB400 (c), A-SB400 (d),
Mg-PS300 (e), and Mg-PS500-2.5 (f). The six biochars differed greatly in microscopic
morphology due to different types of raw materials, pyrolysis conditions, and modification
methods. Figure 1 shows that the surface of PS300 was rough and showed an irregular
pore structure with a certain number of honeycomb pores, suggesting that it facilitated the
capacitation of old and new pores during the activation process. It was also observed that
many particles were deposited on the surface of PS300 and no pore structure was found
in the larger protrusions compared to PS500 (Figure S1), suggesting that the pyrolysis
of biomass at low temperatures was not sufficient and the pores had not been opened.
Compared with PS300, the pore volumes and average pore diameters of A-PS300 increased.
This was due to the strong etching effect of alkali liquor on biochars during the chemical
modification process, which would clear the blockages in the pore structure and open up
the internal pore channels of biochars to form micropores [36]. As shown in Figure 1e
and f, the Mg-PS300 and Mg-PS500-2.5 surfaces were loose and porous with abundant
honeycomb pores. This might be because the addition of MgCl2 changed the pore structure
of the biochar surface and promoted the generation of new pores [37]. In addition, since
the pyrolysis temperature of Mg-PS500-2.5 was higher than that of Mg-PS300, this could
translate into a higher release of volatile substances and the formation of new pores [38]. At
the same time, it was found that when magnesium-modified biochar was prepared under
pyrolysis conditions at 500 ◦C, the number of honeycomb pores on the surface of biochar
decreased with the extension of pyrolysis time (from 2.5 h to 4 h) (Figure S2).

The surface of SB400 was relatively smooth, with a tight texture and no obvious pores
(Figure 1). No noticeable difference was detected between SB400 and A-SB400, which might
be due to the relatively smooth surface and denser texture of SB400, resulting in a less
effective acid and alkaline treatment.

The BET surface areas of PS300, A-PS300, SB400, A-SB400, and Mg-PS500-2.5 are given
in Table 2. There was a significant increase in the BET surface areas of the Mg-PS500-2.5
(243.60 m2·g−1). Ling et al. [39] also found a similar increase in the BET surface areas of MgO
nanoparticles embedded in nitrogen self-doped hydrophyte derived biochar compared to
the pristine nitrogen self-doped hydrophyte derived biochar. Zhang et al. [37] discovered
that MgO particles are polycrystalline and highly porous with a pore size of 2–4 nm, so this
morphology would result in higher BET surface areas for MgO-modified biochar.
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Table 2. The BET surface areas of PS300, A-PS300, SB400, A-SB400, and Mg-PS500-2.5.

Sample Code BET Surface Areas (m2·g−1)

PS300 1.77
A-PS300 2.20

SB400 5.05
A-SB400 3.36

Mg-PS500-2.5 243.60

The FTIR spectrum, shown in Figure 2, was performed to identify the main functional
groups in biochars. According to the infrared spectrum, the band at around 3420 cm−1

represents -OH, which is mainly related to the hydrogen bond stretching vibration of
water molecules [40], and the stretching vibration of C=O and -C-O lie at 1617 cm−1 and
1263 cm−1, respectively, suggesting that the surfaces of the five biochars were rich in
oxygen-containing functional groups. The oxygen atoms in these functional groups and
the hydrogen atoms in the amino groups can attract each other to form stable hydrogen
bonds, which have a superior NH4

+-N adsorption effect [41]. Notably, the Mg-PS500-2.5
showed an agglomerate-OH stretching vibrational band at a wave number of 3700 cm−1,
which indicated that more -OH was generated after the magnesium salt modification [42].
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While the Mg-O absorption vibrational band appeared at 567 cm−1 [28], Mg-O is an active
functional group that can combine with PO4

3−-P to form Mg-O-P complexes.
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3.2. Performance of Raw Materials on Adsorption and Desorption

The physical and chemical surface properties of biochar depend on many factors,
including raw material type, pyrolysis conditions, and pyrolysis methods [43]. Aiming to
investigate the type of raw materials for nutrient removal, the adsorption of nutrients from
wastewater by two pristine biochars (PS300 and SB500) prepared from pine sawdust and
sugarcane bagasse is given in Figure 3.

It can be clearly seen that the adsorption of both biochars for contaminants, except for
total phosphorus, reached equilibrium after 24 h. Interestingly, the adsorption capacities
of PS300 and SB400 for inorganic carbon were −3.05 and −2.22 mg·g−1, respectively,
suggesting that both biochars released inorganic carbon into the water during the treatment
of wastewater, which might be caused by the release of the carbonate formed during
the pyrolysis of biochar into wastewater. The carbonate released into the water could
be used as a source of inorganics and supplied to microalgae for photosynthesis, thus
promoting the growth of microalgae. It can be clearly seen that PS300 had better adsorption
performance than SB400 for nutrients. The adsorption capacity of the PS300 for NH4

+-N
was 2.26 mg·g−1, which was significantly higher than that of SB400 (1.12 mg·g−1) (p < 0.05).
Combined with the BET surface area characterization results, although the BET surface
area of PS300 was smaller than that of SB400, the adsorption performance for nutrients
was better, which suggested that the adsorption performance of biochars was not only
determined by the specific surface areas. FTIR characterization results showed that both
PS300 and SB400 were rich in oxygen-containing functional groups such as -OH, C=O,
and -C-O, which may be involved in the adsorption of contaminants in wastewater. For
example, Guo et al. [44] found that the adsorption of NH4

+-N by biochar was related
to C=O, and the presence of C=O on the biochar surface could improve its adsorption
capacity for NH4

+-N. Lou et al. [45] found that the increase in oxygen-containing functional
groups (-OH and C=O) on the surface of biochar interacted with polar ammonium nitrate
in solution to form ionic bonds, which increased the equilibrium adsorption of NH4

+-N by
biochar. The content of -OH and C=O in PS300 was found to be higher than that of SB400 by
FTIR spectrum, which may be the main reason for the higher adsorption capacity of PS300
on NH4

+-N than that of SB400. Although the two pristine biochar (PS300 and SB400) had
considerable adsorption effects on organic carbon (9.00 and 6.11 mg·g−1, respectively), they
had poor adsorption effects on NH4

+-N and phosphorus, with the adsorption capacities of
TP being only 0.35 and 0.26 mg·g−1. This was mainly due to the usually negatively charged
surface of pristine biochars and the lack of metal cations, resulting in its limited adsorption
capacity for phosphate [46,47].
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The potential of PS300 and SB400 to desorb nutrients into DI water is presented in
Figure 4. Driven by the ion concentration gradient, PS300 and SB400 were able to slowly
release nutrients such as NH4

+-N, inorganic carbon, and PO4
3−-P back into water and

reached equilibrium after about 12 h [48]. The desorption capacities of the two biochars
were approximately equivalent. Cai et al. [49] found that NH4

+-N was the preferred
nitrogen source for the growth of microalgae and when the concentration was too low, it
limited the growth of microalgae. The results showed that PS300 and SB400 would release
the adsorbed NH4

+-N back into an aqueous phase when the NH4
+-N concentration in the

aqueous phase was low, maintaining the NH4
+-N concentration at a relatively stable level.

More importantly, the ratio of NH4
+-N to TP released into the aqueous phase by PS300 and

SB400 remained in the range of 9.9–18.2:1 during 12–72 h, and the N/P ratio in this range
was suitable for the growth of microalgae [50].
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In conclusion, it took about 24 and 12 h for the two pristine biochars to reach adsorption
equilibrium, respectively. In terms of the adsorption effect, it was more suitable to choose
pine sawdust as raw material to prepare biochar for the pretreatment of biogas slurry.
However, due to the limitation of its own characteristics such as small specific surface
areas and underdeveloped pores, the adsorption capacity of pristine biochar was limited,
and it needed to be modified to change its physical and chemical properties to increase its
adsorption capacity for more efficient pretreatment of biogas slurry.

3.3. Effect of Modification of Biochars on Wastewater Adsorption Performances
3.3.1. Acid/Alkaline Modification

Modification can improve the physical and chemical properties of biochar, such as
specific surface areas and pore structure, or introduce various functional groups on the
surface of biochar, which in turn improves the adsorption performance of biochar [51]. First,
the adsorption performance of two acid/alkaline modified biochars (A-PS300 and A-SB400)
was evaluated. As can be seen in Figure 5, the adsorption capacities of A-PS300 for NH4

+-N,
TN, TOC, TC, and TP were 8.5, 13.45, 16.49, 11.43, and 0.88 mg·g−1, respectively, which
were increased by 270%, 175%, 83%, 87%, and 151%, respectively, compared with PS300.
The adsorption capacities of A-SB400 for NH4

+-N, TN, TOC, TC, and TP were 4.44, 9.18,
16.98, 11.75, and 0.73 mg·g−1, respectively, which were 226%, 164%, 150%, 161%, and 181%
higher than those of SB400. In conclusion, the adsorption capacities of the acid/alkaline
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modified biochars (A-PS300 and A-SB400) were significantly higher (p < 0.05) for various
nutrients in wastewater compared to the pristine biochars (PS300 and SB400).
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The phosphorus adsorption capacity of A-PS300 and A-SB400, although significantly
improved, was still not satisfactory. This might be because the acid/alkaline modification
did not change the nature of the charge on the surface of the biochar, and the negative charge
on the surface of the biochar prevented its adsorption of phosphorus. The acid/alkaline
modified biochars showed the most significant improvement in the adsorption performance
of NH4

+-N. The BET and SEM characterization results showed that the BET surface areas
of A-PS300 and A-SB400 did not change significantly after modification. Therefore, the
improvement in adsorption performance might be mainly caused by the change in surface
functional groups after acid/alkaline modification [52]. It was found by FTIR spectrum
that the bonds O-H at 3420 cm−1 and C=O at 1617 cm−1 were increased in A-PS300 and
A-SB400, and the presence of O-H and C=O could enhance the NH4

+-N adsorption capacity
of biochar [44]. Kastner et al. [53] confirmed that treatment of biochar with dilute sulfuric
acid and ozone could remove non-NH3 ions loaded on acidic functional groups on the
surface of biochar, thus providing more adsorption sites for NH3 ion adsorption and
greatly improving the adsorption capacity of biochar for NH3. Liu et al. [54] also found
that modifying bio-tea biochar with NaOH solution could increase the number of acidic
functional groups on the surface of biochar, leading to an increase in its NH4

+-N adsorption
capacity.

3.3.2. Magnesium Salt Modification

The adsorption of nutrients in wastewater by A-PS300 and A-SB400 was improved
to some extent by acid/alkaline modification but the adsorption capacity of both was
extremely limited for anions (e.g., Phosphate). Takaya et al. [55] found that the mineral
composition of the biochar itself plays a larger important role in phosphate adsorption
than the surface areas available for adsorption. Moreover, we found that the acid/alkaline
modification did not improve the physical and chemical properties of biochar very well
through the previous experiment. To further improve the adsorption effect of biochar,
pine sawdust was selected as the raw material for magnesium salt modification. Modifica-
tion with MgCl2 was performed to reduce the surface electronegativity and improve the
adsorption capacity of biochar for anions.

The adsorption of nutrients from wastewater by magnesium salt modified biochars is
given in Table 3. It can be seen from the table that for the two pristine biochars (PS300 and
PS500-2.5), PS300 was ideal for the adsorption of various nutrients in wastewater overall,
which was consistent with the results reported by Yang et al. [32]. Compared with the two
pristine biochars (PS300 and PS500-2.5), it was found that the magnesium salt modified
biochars (Mg-PS300 and Mg-PS500-2.5) obtained under the same preparation conditions
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had a significant improvement in the adsorption effect of NH4
+-N and TP. It was worth

noting that the adsorption capacity of biochar for organic matter after magnesium salt
modification at 300 ◦C was negative. This might be because the presence of magnesium salts
led to insufficient pyrolysis of biochar and some organic carbon still remained. Compared
with the three magnesium salt modified biochars, the adsorption effect of biochar on the
nutrients in wastewater was the most ideal for pyrolysis for 2.5 h at 500 ◦C. Notably, the
adsorption capacities of Mg-PS500-2.5 reached 15.68 and 3.68 mg·g−1 for NH4

+-N and TP,
respectively, which were significantly higher than those of Mg-PS300 (6.20 and 2.91 mg·g−1)
(p < 0.05). At the same time, it was found that with the increase in pyrolysis time (2.5 h to
4 h) at 500 ◦C, it was found that the adsorption capacity of magnesium salt modified biochar
on each nutrient in wastewater decreased, which may be related to the increase in pyrolysis
time, resulting in a decrease in the number of honeycomb pores on the surface of biochar
(Figure S2). The adsorption capacity of Mg-PS500-2.5 for NH4

+-N was 15.68 mg·g−1, higher
than those of many other adsorbents (Table 4). For example, biochar produced from oak
sawdust through the participation of Lanthanum (La) only exhibited a maximum NH4

+-N
adsorption capacity of 7.86 mg·g−1 [56]. This result might be attributed to the higher
BET surface areas of Mg-PS500-2.5 (243.60 m2·g−1). The correlation analysis showed that
the adsorption capacities of NH4

+-N and TP were related to the specific surface areas
of biochar, and the larger the specific surface areas, the more significant the adsorption
effect [57]. However, combined with the previous findings, it was speculated that the
specific surface area was not the main factor affecting the adsorption capacity of biochar for
NH4

+-N and TP. Instead, it was more likely caused by the changes in oxygen-containing
functional groups on the surface of biochar. According to the FTIR spectrum, Mg-PS500-2.5
showed an agglomerate-OH stretching vibration peak at 3700 cm−1, indicating that acid or
alcohols were more abundant and could increase the adsorption of NH4

+-N and phosphate
through functional group interaction [41]. Moreover, the Mg-O absorption peak appeared
at 567 cm−1, where Mg-O could combine with PO4

3−-P to form Mg-O-P complexes, thus
promoting the adsorption of phosphate. Zhang et al. [13] also found that the wave peaks of
the -OH bond at 3669 cm−1 and the Mg-O bond at 553 cm−1 of the MgO-modified biochar
almost disappeared after the adsorption of nitrogen and phosphorus, indicating that they
were both involved in the reaction of adsorbed nitrogen and phosphorus. Finally, the MgO
or Mg(OH)2 attached to the surface of Mg-PS500-2.5 might react with phosphate to form a
complex containing magnesium and phosphorus. Fang et al. [58] found the presence of a
considerable number of nanoparticles in the mesoporous structures of magnesium-loaded
biochar (nano-MgO particles), and the adsorption effect mainly relied on the chemical
actions of nano-MgO particles.

Table 3. The adsorption capacities of nutrients from wastewater of PS300, Mg-PS300, PS500-2.5 h,
Mg-PS500-2.5, and Mg-PS500-4.

qe
(mg·g−1) PS300 Mg-PS300 PS500-2.5 Mg-PS500-2.5 Mg-PS500-4

NH4
+-N 2.30 ± 0.07 6.20 ± 0.58 3.22 ± 0.45 15.68 ± 0.34 6.98 ± 0.68

TN 4.89 ± 0.06 8.63 ± 0.21 0.82 ± 0.15 23.18 ± 0.49 4.34 ± 0.44
TOC 9.00 ± 0.16 −4.94 ± 0.59 3.13 ± 0.35 14.39 ± 0.15 0.97 ± 0.12

IC −3.05 ± 0.01 −7.82 ± 0.86 −2.38 ± 0.28 1.32 ± 0.05 −2.50 ± 0.47
TC 6.11 ± 0.01 −12.76 ± 0.39 0.75 ± 0.12 13.28 ± 0.02 −1.10 ± 0.54
TP 0.35 ± 0.02 2.91 ± 0.01 0.35 ± 0.03 3.68 ± 0.01 2.92 ± 0.02
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Table 4. Biochars applied for removal of NH4+-N from wastewater.

Adsorbent Treatment
Temperature

Adsorption Capacity
(mg g−1) Reference

Oak sawdust 300 ◦C 3.12 [56]
Oak sawdust

impregnated with LaCl3 300 ◦C 7.86 [56]

Pine sawdust 300 ◦C 5.38 [32]
Mixed hardwood 300 ◦C 2.80 [59]

Pineapple peel 400 ◦C 13.40 [60]
Magnetic steel slag 500 ◦C 4.36 [61]

Giant reed 500 ◦C 1.49 [62]
Sludge residue 600 ◦C 9.85 [63]

Corn cob 600 ◦C 1.09 [64]
Sorghum distillers grain 750 ◦C 14.34 [65]

In summary, compared with acid/alkaline modified biochars and pristine biochars,
magnesium salt modification could significantly improve the adsorption of NH4

+-N and
phosphate, which determines that magnesium salt modified biochar might be more suitable
for the pretreatment of biogas slurry.

4. Conclusions

This study revealed that the adsorption of nutrients from wastewater by biochar was
related to the selected raw material, and the adsorption capacity of the pristine biochar for
nutrients was lower than the results achieved with modified biochar. It showed that both
pristine biochars could release nutrients to the aqueous phase in reverse at low nutrient
concentrations in wastewater, and the ratio of released NH4

+-N to PO4
3−-P was suitable

for the growth of microalgae. Acid/alkaline modification could increase the content of -OH
and C=O on the surface of biochar, thus promoting the adsorption of NH4

+-N through the
complexation of -OH and C=O. Compared with acid/alkaline modification, the magnesium
salt modification made the biochar surface rich in -OH functionality; moreover, it could
significantly improve the pore structure of the biochar surface and increase the specific
surface areas. Finally, the presence of Mg2+ reduced the negative charge density on the
biochar surface, thus decreasing the electrostatic repulsion of phosphate. The adsorption of
NH4

+-N by magnesium salt modified biochar mainly depended on the complexation of
-OH functional groups on its surface. The phosphate adsorption on the one hand benefited
from the reduction in the negative charge density on the surface of biochar, and on the
other hand depended on the complexation of -OH and Mg-O functional groups and the
chemical precipitation of MgO or Mg(OH)2 attached to the surface. Although the tests
were conducted on simulated wastewater, the results suggest that pine sawdust biochar
modified with magnesium salt is a valuable adsorbent for nutrients in biogas slurry. Its
use in the pre-treatment of wastewater could concretely help with reducing the presence
of toxic compounds that may negatively impact the growth of microalgae in the effluent,
encouraging the realization of a system for the simultaneous production of microalgae
biomass and wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15043153/s1, Figure S1: SEM images of the PS300 and PS500-4
(100 µm); Figure S2: SEM images of the Mg-PS500-2.5 and Mg-PS500-4 (100 µm).
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