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The pristine biochars are negatively charged, hindering the adsorption of NO3 ™~ and PO4>~ in water. The current
study developed a 2 M AICl; - modified biochar and elucidated the co-adsorption behaviour of these ions at the
equilibrium condition. The adsorption of NO3~ and PO,>~ onto the biochar modelled by Langmuir and
Freundlich isotherms. The results demonstrate that the max adsorption capacity of NO3~, and PO4>~ in the
solution containing one solute ion were 31.80 mg/g and 95.05 mg/g; in the mixed solution of two solute ions

were 26.67 mg/g and 78.99 mg/g, respectively. This modified biochar was evidenced as an effective adsorbent to
remove simultaneously NO3™ and PO4>" from aqueous solutions. Adsorption using this material is an appropriate
method for eutrophication mitigation.

1. Introduction

The excess of nutrients in water leads to the rapid growth of algae
and other plankton, breaking the balance of aquatic life. This problem
degrades water quality and causes negative impacts such as toxic algae
and foul odours [1,2], called eutrophication. Phosphate and nitrate
concentrations in eutrophic water are above 0.7 ppm and 0.6 ppm,
respectively [3]. Eutrophication is a critical environmental issue,
threatening the pure water sources [3], fishing industry, and coastal
economy [4]. Untreated wastewater containing enormous nutrients
from urban, industry, agriculture activities, and construction sites in-
creases nutrients in the water [5]. Therefore, it is necessary to reduce the
nitrogen and phosphorus concentration in wastewater sources to control
eutrophication.

Today, there are several methods for removing nitrate and phosphate
from wastewater. They include membrane filtration, ion exchange,
biofiltration [6], reverse osmosis, biological de-nitrification, electro-di-
alysis [7], and constructed wetland [8]. However, these methods are
often costly or complicated to operate or require an extensive area of
treatment plant. Adsorption is one of the most effective methods to

remove nutrients from aqueous solutions because of its simplicity and
easy operation [9]. Various adsorbents have been applied for elimi-
nating nitrate and phosphate, as zeolites, bentonite, clay minerals,
porous silica, nanoparticles [10,11], chitosan beads [12], and biochar
[13]. Biochar has recently been a common adsorbent for removing
pollutants from water due to low cost, simple production, high adsorp-
tion effectiveness, and friendly — environmental features [11,14]. The
surface of biochar contains functional groups, pore structure, and large
specific surface area [15].

The nitrate and phosphate adsorption capacity of biochar was
significantly enhanced after modification. Al-modified biochar derived
from poplar achieved a maximum NO3~ adsorption capacity 26 times
higher than unmodified biochar and accounted for 57.749 mg/g
compared to zero PO43_ adsorption of unmodified biochar [14].
Another study shows a similar pattern, the maximum adsorption ca-
pacities of La- modified biochar from oak bush for NO3~ and P03~
enhanced by 11.2 and 4.5 times, respectively, compared to using un-
modified biochars [16]. Modified biochar with increasing of the specific
surface area, the adsorption sites, and functional groups is the main
factors to enhancing the elimination of pollutants [17,18].
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The adsorption capacity of biochar for pollutants is affected by the
types of biomass and production conditions (temperature, modification
method etc.) [14,19]. Several studies concluded that using metal ions in
modified biochars increased the adsorption capacity for negative ions,
such as NO3~ and PO4>~ by changing the charge state and increasing
functional groups on the surface [20,21]. Aluminium ions could form a
strong chemical bond with PO4>~ ions because the solubility product of
AlPQ, is small (1072046y [22]. In general, the adsorption mechanisms of
substances on biochars were quite diverse, such as the intra-particle
diffusion [23], the physical adsorption (electrostatic attraction) [24],
and chemisorption mechanism (i.e. ligand exchange and chemical bond
formation) [23,24].

As such, each adsorbate on each biochar has a specific adsorption
mechanism. Therefore, the experiment of co-adsorption will trigger and
make full use of the available adsorptive sites of the adsorbent. More-
over, both NO3~ and PO43’ are ordinarily present in a natural water
environment; therefore, investigation of co-adsorption becomes essen-
tial. However, fewer attempts study co-adsorption of NO3~ and PO~
onto aluminium modified biochar. This work aims to produce new
modified biochar and to simultaneously compare the equilibrium
adsorption of nitrate and phosphate.

2. Materials and methods
2.1. Materials

All chemicals used pristine laboratory chemicals provided by Xilong
Chemical Co., Ltd. The trunks of the Mimosa pigra tree were obtained in
Dong Ha city, Quang Tri province, Vietnam. After removing the bark and
leaves, the trunks of Mimosa pigra were used to produce biochar. The
woody stems of Mimosa pigra were chopped, dried in the open air, then
finely ground into samples <2 mm in size, washed with three times
distilled water to remove impurities. Finally, the material was exposed
and dried in an oven at 105 °C for 24 h.

As in our previous study, biochar from Mimosa pigra modified with 2
M AICl3 (MBA) is shown as the best adsorption capacity [25]. The
following processes prepared the MBA: (1) mixed 2 M AlCl3 solution
from AlCl3.6H20 (97%), (2) soaked the above materials in AICl3 solution
at the ratio of 1g:7 mL, (3) stirred the mixture for 6 hours, filtered the
solids, dried at 80 °C for 48 hours, (4) packed the material in zinc foil
and put in a pyrolysis furnace at a heating rate of 10 °C/min, reached a
temperature of 500 °C and store 2.0 h, let cool naturally in the furnace,
(5) washed twice with distilled water, dried at 105 °C for 24 h, ground,
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sieved to get MBA with size less than 0.25 mm (Fig. 1).
2.2. Characterization

Fourier-transform infrared spectroscopy (FTIR, MB102-type Bomem
spectrometer Canada) was applied to identify the functional groups on
the surface of MBA. The morphology of the adsorbent was examined by
scanning electron microscopy (FESEM Hitachi S-4700, Japan). The
micrometric analyzer (ASAP 2020 V3.00H, USA) identified the textural
properties of MBA. NO3 ™~ and PO4>~ concentration was analyzed using a
UV-Vis spectrophotometer (Hitachi U-2910, Japan). The pH meter
(HQ40D, Hach, USA) was utilized to measure the pH of the solution.
Sample MBA was degassed and then determined a liquid Ny adsorption
isotherm at 77.48K. After that, the surface area (Sper and Spangmuir) of
MBA was calculated by applying the BET (Brunauer, Emmett and Teller)
and Langmuir equations, respectively.

2.3. Adsorption experiments

The batch NO3~ and PO4>~ adsorption experiments were performed
in a 250 mL beaker containing 0.1 g of MBA and 50 mL of anionic so-
lution with different concentrations (25, 50, 75, 100, 150, and 200 mg/
L). NO3~ and PO,3~ solutions were prepared from KNO3 (99%) and
KH3PO4 (99.5%), respectively.

The mixture in the beaker was stirred with a jar test apparatus (JLT6
Jartest, Italy) at 120 rpm for 24 h. Next step, the solution’s suspended
solids were filtered using a filter membrane with pore size 0.45 pm. After
that, the solution was taken to determine the ion concentration after
adsorption.

In order to exam the influence of reaction conditions on the ions
concentration in the solution and consider the possibility of MBA
releasing NO3~ and PO43~ into the solution, this study conducted two
control experiments. Experiment 1: only use solutions containing NOs ™~
and PO4>~ without adding MBA to the beaker. Experiment 2: stir MBA in
distilled water instead of the solution containing NO3~ and P043’ ions.
All experiments were performed at atmospheric pressure and room
temperature (25.0 + 2.0 °C), repeated three times, and averaged. The
NO3™ and PO43’ concentrations of water samples were examined by the
Spectrometric method using sulfosalicylic acid (TCVN 6180:1996) and
the ascorbic acid method (Standard Method, 1999) at 410 nm [26] and
880 nm [27] respectively by UV-Vis Spectrophotometer.

The equilibrium adsorption capacity (qe, mg/g) was calculated ac-
cording to the formula (1):

Grinding

Mimosa pigra
invasive plant

Mixing in
AICl; solution

Sieving (0.25 mm)

Biochar product

i
Pyrolysis 500°C
(2.0 hours)

Fig. 1. Aluminium-modified biochar manufacturing process.
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Where C, and C, (mg/L) are the initial and equilibrium concentrations of
NOs3™ and P043_, respectively; V (L) is the volume of solution; and m (g)
is the mass of the MBA.

2.4. Adsorption isotherm models

The adsorption isotherm is a powerful method to predict the
adsorption capacity of a particular substance. In this study, we employed
two main approaches, Langmuir and Freundlich adsorption isotherm, to
indicate and model the adsorption capacity of NO3~ and PO,4>~ on MBA.
Non-linear equations of Langmuir and Freundlich determined isotherm
parameters.

The Langmuir adsorption isotherm is applied assuming that: (1) the
adsorbent surface is energetically homogeneous; (2) the adsorbed sub-
stances form a monolayer; (3) the molecules are adsorbed at separate
active sites on the surface of the adsorbent; (4) ignore interactions be-
tween adsorbed substances [28].

The equation can be non-linearized shown below (2):

dm .KLACe

1+K..C. @

qe =

with the degree of adsorption assessed in Langmuir isotherm model by
separation coefficient or equilibrium parameter Ry, (3):

1

R = —
L 14+ K.Co

3
The Freundlich isotherm is an experimental model, showing the
dependence of the adsorption capacity of the adsorbent on the adsorbate

concentration according to the non-linear equation (4):

1.02
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q.= Kp.CI/" 4
where

K, (L/mg) is the Langmuir constant related to the binding energy;
qm (mg/g) is maximum monolayer adsorption capacity;

Ce (mg/g) is the equilibrium concentration;

qe (mg/g) is the adsorption capacity at equilibrium concentration;
Kp (mg(l'l/ m 1,1/ “.g’l) is the Freundlich constant;

n is the linearity constant.

3. Results and discussions
3.1. Characterizations of biochar

Fig. 2a shows the results of FTIR analysis of the MBA and BC (pristine
biochar derived from Mimosa pigra) [25]. The results indicate the peak
at 3350 cm ™! correspond to the peak of the ~OH group [29] occurs only
on the MBA. The appearance of OH™ is the result of using denatured
AICl; (i.e. AI** jons) to produce MBA, thereby creating an amount of Al
(OH);3 formed. The pyrolysis yielded CO consistent with peaks at 2360
cm ! and 2341 em ! [30]. In the composition of MBA, there was the
presence of stretched C-C aromatic rings, as shown by the brand at 1579
em ! [31]. The peak at 1075 cm ™! corresponds to the appearance of the
stretched Al = O bond [32] that only occurs in the MBA sample, which
shows the formation of Al,O3 and Al(OH)3 in the modified biochar.
Under high-carbon combustion conditions, Al>* ions are easily formed
Aly(CO3)3 compounds, thus the C032’ ions presented at wavenumbers
872 cm! [33] and 1411 cm ! [34]. There were many
oxygen-containing functional groups on the surface of MBA, such as
OH, CO32~, meaning that it holds opposite ions to neutralize the
charge. The peak appearance at 1075 cm™! proves the existence of
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Fig. 2. FTIR spectra (a), BET pore size distribution on the surface (b), and SEM micrographs of MBA (c).
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aluminium on the MBA surface and in the form of AI>* ions. The pres-
ence of A" helps absorb NO3~ and PO~ of MBA better than
non-modified biochar.

The morphology of MBA is illustrated in Fig. 2c, showing the surface
of the MBA was rod-shaped and rough with a large nanoscale. Also
modified by AR salt, but biochar derived from soybean straw (Al/BC)
has a porous structure and rough surface with AIOOH flakes [14]. In
contrast, the porous surface of pristine biochar derived from Mimosa
pigra was smooth and relatively homogeneous with micropores [25].
This phenomenon also agreed with the BET result. The BET gas
adsorption experiments showed that the MBA surface had micropores
with an average pore diameter of 4.35 nm (Fig. 2b), which is larger than
the micropore size of Al/BC (1.78-3.95 nm) [14]. Similarly, by BET
analysis, the surface areas of MBA accounted for 255.85 m?/ 8 (Sextenal =
173.44 m%/g, Smicro = 82.40 M?/g, Stangmuir = 346.76 m?/g), which is
smaller than that of Al/BC (269.78-418.14 mz/g) [14]. Furthermore,
using the pH drift method, the pHp,. value of MBA was determined to be
7.80, close to the pHp,. value of Al/BC (7.9) [14].

3.2. Adsorption isotherms

The balance of NO;~ and PO4>~ adsorption on MBA at different
concentrations is shown in Fig. 3 and Fig. 4, respectively. The results
indicate that increasing NO3~ and PO43’ concentrations increased qe
adsorption capacity. This can be explained by rising mass transfer ki-
netics and solute concentration, thus enhancing the adsorption capacity
[35].

Figs. 3 and 4 denote that in the range of initial nutrient concentration
from 25 to 200 mg/L, MBA had a much better adsorption capacity of
PO,>~ than NOs~. In the single ion adsorption experiment, the
maximum adsorption capacity of PO4>~ ion (95.05 mg/g) is nearly 3.0
times higher than that of NO5~ ion (31.80 mg/g). The solution of PO4>~
and NO3~ with the concentration of 50mg/L had pH of 4.70 and 5.93,
respectively, while the pH,,. of MBA was 7.80. Thus, MBA was posi-
tively charged in these solutions. The adsorption of anions by biochar
was enhanced at pH less than pHp,. [36]. On the other hand, there are
three negative charge units in each PO4>~ ion compared to one negative
charge in each NO3™ ion; thus, the adsorption of PO4%~ on the positively
charged surface of biochar is also more favourable and robust. PO,>~
and NO3™ ions can be adsorbed on the surface of biochar by electrostatic
adsorption [14,37], physical adsorption [38], and ion exchange [11].
Also, PO,43~ could precipitate with AI** according to the reaction (5):

25
20
15 4
a ]
~
o))
£ 104
()
o i
experimental data in single-adsorption
51 ® experimental data in co-adsorption
| —-—- Langmuir model in the single-adsorption
—-—- Langmuir model in the co-adsorption
04 Freundlich model in the single-adsorption
Freundlich model in the co-adsorption
¥ T ¥ T ¥ T v T ¥ T ¥ T ¥ T ¥ T L T ¥ T
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180 200

Fig. 3. NO3~ single and co-adsorption isotherm at 25 °C in the initial con-
centration range from 25 to 200 mg/L.
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Fig. 4. PO,>" single and co-adsorption isotherm at 25 °C in the initial con-
centration range from 25 to 200 mg/L.

PO4~ + A" — AIPO, Or AIOOH + PO,>~ + 3HT — AIPOy4 + 2H,0 (5)

From the previous study, Yin et al. (2018) stated that the adsorption
capacity of Al-modified biochar derived from soybean straw for PO4>~
(45.03 mg/g) was also higher than NO3~ (40.63 mg/g) (initial con-
centrations for PO43—P and NO3 -N were 50 mg/L) [39]. Compared with
Al-modified biochar derived from soybean straw, MBA’s adsorption
capacity was 2.1 times higher for PO4>~, but 1.3 times lower for NO3~.

The co-existence of PO43’ and NOs~ in solution reduced the
adsorption capacity of both substances compared with the case of
separate adsorption in single ionic solutions. In the co-adsorption sys-
tem, the theoretical maximum adsorption capacity of PO,3~ and NO3~
ions reduced to 78.99 mg/g and 26.67 mg/g, respectively. This conse-
quence indicates an adsorption competition between PO4>~ and NO3~
ions [39]. However, not all adsorbents decrease in adsorption capacity
with increasing solutes in solution. For example, Wu et al. (2019) found
the adsorption capacity of NOs;~ (in the presence of PO47) on
organic-modified aluminium-manganese bimetal oxide (MABO) was
increased compared to a single ion adsorption system. They explained
that the adsorption mechanism of PO4>~ to MABO was mainly attributed
to the binding of OH™ groups, while adsorption of NO3~ to MABO was
ligand exchange [40]. It implies that the extent of adsorption of ions
onto adsorbents in single and co-adsorption needs to investigate on
case-by-case basis.

Table 1 presents the isotherm constants and correlation coefficient
(Rz) of NO3~ or PO43’ in single and co-adsorption. Based on the R2
values, it can be said that the NO3~ adsorption on the MBA was more
consistent with the two isotherm models than the PO,>~ adsorption. The
1/n values (Table 1) for the Freundlich model are in the range 0 < 1/n <
1, and the separation parameters (Ry) (Table 2) for the Langmuir
isotherm are in the range 0 < Ry, < 1. It assumes that the adsorption of
NO;~ and PO,®~ onto the MBA both follows Langmuir isotherm and
Freundlich isotherm [41].

4. Conclusion

The 2 M AlCl3 - modified biochar was experimented for removing
NO3;~ and PO4> in the single and co-adsorption and modelled by
Langmuir and Freundlich isotherms. MBA contained many oxygen-
containing functional groups, rod-shaped and rough with Al(OH)3
nanoparticles. The maximum adsorption capacities at 25 °C of MBA for
NOs5™ and PO4> in co-adsorption were 26.67 mg/g and 78.99 mg/g; in
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Table 1
The isotherm parameters of Langmuir and Freundlich for adsorption of NOs~ and PO4>~ onto MBA.
System Adsorbate Langmuir Freundlich
Qm Ki R? kg n 1/n R?
(mg/g) (L/mg) (mg/m L0 o= 1y
Single- adsorption Nitrate 31.80 0.016 0.955 2.429 2.26 0.44 0.913
Phosphate 95.05 0.365 0.876 42.339 5.54 0.18 0.899
Co- adsorption Nitrate 26.67 0.008 0.894 0.719 1.12 0.89 0.858
Phosphate 78.99 0.272 0.743 31.839 5.01 0.20 0.947
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