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ABSTRACT

Surface modification can improve biochar adsorption capacity. Biochars were produced
from wheat straw through low-temperature pyrolysis at approximately 450°C, activated
with hydrochloric acid (HCI), and coated with iron (FeCl;-6H,O) of different amounts.
Results showed that activation with HCl and coating with iron can significantly increase
biochar adsorption capacity. The increase after HCl treatment was very small at a high ratio
of iron to biochar. The optimal ratio of iron to biochar for iron-coated biochar was 0.70.
Adsorption capacity was calculated based on the amount of pure nitrogen or phosphorus.
The maximum adsorption capacities were 2.47 and 16.58 mgg '. The most effective pH
values for nitrate and phosphate removal were 3 and 6, respectively. The active substance
of the optimal-modified biochar (OMB) was amorphous FeOOH, and the structure
[C-Fe(OH,) 5]?;; was the hydroxylated mineral surface of OMB in a water solution. The equi-
librium pH of the adsorption solution was lower than 7 even when the initial pH of the
solution was 11 because [C—Fe(OH2)5](3$ changed into [CfFe(OH2)4(OH)](ZS+) ,
[C—Fe(OH2)3(OH)](+S), and H;O0" with the increase in pH. Adsorption experiments showed

that OMB can be utilized to remove nitrate and phosphate from water.
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1. Introduction

Millions of tons of agricultural bioresources, such
as wheat straw, have been produced by agriculture in
China in recent years. Several researchers have esti-
mated that 110-157.5Tg of crop wastes are burned in
fields every year; this activity releases a large amount
of pollutants into the atmosphere, including particu-
late matter, CO, and hydrocarbons [1]. As a result, the
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environment becomes polluted, and bioresources are
wasted. As a type of natural resource, wheat straw
can be utilized to prepare biochar for extensive
applications.

Biochar, a carbon-rich solid byproduct of the pyro-
lysis of biomass under the complete exclusion of oxy-
gen at temperatures below 700°C [2—4], can be derived
from a large range of low-cost biomass sources,
including manure, organic wastes, bioenergy crops
(e.g. grasses and willows), and crop residues [4].
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Many studies have applied biochar to soil because of
its high resistance to decay and excellent capability to
retain nutrients [4]. Biochar can also mitigate climate
change, improve soil quality, and reduce environmen-
tal pollution [4-7]. In addition to its application to soil,
a number of studies have utilized biochar as a highly
efficient and low-cost adsorbent in wastewater treat-
ment to remove different types of pollutants. Many
different biomass-derived biochars have been pro-
posed for the removal of organic contaminants [8-11],
heavy metals [12,13], and nutrient pollutants [9] from
water.

Raw wheat straw biochar has a very low adsorp-
tion capacity for nitrate and phosphate because of its
large negative surface charge [4]; moreover, its loose
texture and low density make it difficult to disperse in
a water solution. A good method is necessary to
increase the adsorption capacity and fully maximize
the use of this raw material. Previous studies have
shown that adsorption capacity can be improved
through several surface modification techniques. One
of these techniques is to activate the surface of the
adsorbent with an acid, such as hydrochloric acid
(HCI). After activation, the pores of the adsorbent par-
ticles become more heterogeneous than those of the
raw particles, which mean that more activated sites
become available [14]. Moreover, treatment of adsor-
bents with acid produces more positive sites on the
surface of the adsorbent, and protonation of surface
hydroxyl groups causes an increase in the electrostatic
adsorption of anions, such as nitrate [15]. Another
method is to introduce metal (hydr)oxides, mainly
iron (hydr)oxides, into porous carbon-rich adsorbents,
such as biochar or activated carbon. Iron (hydr)oxides,
such as goethite, haematite, ferrihydrite, and akagane-
ite, can be produced by the precipitation of ferric salts
and occur naturally in mineral forms. The products,
however, have varying chemical and physical proper-
ties, such as structure, composition, surface area, mor-
phology, and color, because of the use of different
preparatory techniques [16]. Iron (hydr)oxides have a
high affinity toward oxy-anion ions, such as arsenate
and phosphate, and are very selective in the adsorp-
tion process [17,18]. The mechanisms for arsenate and
phosphate removal are adsorption onto iron (hydr)
oxide surfaces and formation of ferric arsenate and
ferric phosphate. Several researchers have found that
the biochar adsorption capacities of some pollutants,
including arsenic [19] and phosphorus [20], are higher
than that of the raw material after the pollutants have
been coated with iron (hydr)oxide.

The objective of this study is to develop a method
to increase wheat straw biochar adsorption capacity
through surface modification and apply the method to
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nitrate and phosphate removal from water. Biochar
was activated with hydrochloric acid (HCl) and coated
with iron (FeCl;-6H,0). The effect of the impregnation
mass ratio of iron to biochar on nitrogen and phos-
phorus adsorption capability was investigated. The
optimal ratio, largest adsorption capability, and ideal
pH were determined.

2. Materials and methods
2.1. Materials
2.1.1. Biochar production

Wheat straw biochars (WB) were prepared from
wheat straws through low-temperature pyrolysis at
approximately 450°C [4]. The WB samples were milled
and screened, and biochars that were less than 1 mm
in size were selected for use. These samples had a
bulk density of 0.39 gecm® and pH (H,O) of 8.3. The
element contents are shown in Table 1.

2.1.2. Biochar activation

All chemicals were of analytical reagent grade, and
the solutions were prepared with distilled water. The
WB samples were activated with distilled water,
1mol L™} hydrochloric acid (HCI) solution, or 6 mol
L™" HCI solution. The WB samples (100g) were
soaked in one of these three solutions for 1h and
marked as DWB, 1HWB, and 6HWB. The samples
were then washed until the pH of the washed water
was 7.0. Afterward, the samples were dried at 75°C
for 12 h.

2.1.3. Preparation of iron-coated biochars (IBs)

Exactly 10 g each of DWB, 1HWB, and 6HWB was
mixed with 1 mol L™! FeCl; (FeCl;-6H,0) solution. The
volumes of the mixed solutions were 25, 50, 80, 125,
and 150 ml, and the corresponding iron content was

Table 1
Elemental analysis (wt%) for wheat straw, biochars, and
DIBs

Samples C N C/N O H P K

Wheat Straw 43.06 0.58 74 3633 572 025 1.06
WB 4720 1.09 43 1836 239 0.69 0.71
6HWB 4793 112 43 17.84 250 0.08 0.57
DIB2 2591 0.62 42 21.60 1.70 011 4.88
DIB4 2714 050 54 2214 196 0.16 557
DIB5 1729 0.38 45 2424 221 029 4.30
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14, 2.8, 45, 7.0, and 8.4 g, respectively; these values
indicate that the mass ratio of iron to biochar in the
mixed solutions was 0.14, 0.28, 0.45, 0.70, and 0.84,
respectively. The pH of the mixed solutions was
adjusted to 7.0 with 3 mol L' KOH. The mixed solu-
tions were left to stand for 1 h and then, washed with
distilled water several times and dried at 75°C. Three
series of iron-coated biochars (IBs) were obtained with
the solutions and marked as DIBs (DIB1, DIB2, DIB3,
DIB4, and DIB5), 1HIBs (1HIB1, 1HIB2, 1HIB3, 1HIB4,
and 1HIB5), and 6HIBs (6HIB1, 6HIB2, 6HIB3, 6HIB4,
and 6HIB5).

2.2. Methods
2.2.1. Characterization of biochars and IBs

Elemental (C, H, O, and N) analyses were per-
formed with an elemental analyzer (vario PYRO cube,
Isoprime Ltd, Elementar Analysensysteme GmbH),
and C, H, O, and N levels were measured as CO,,
H,O, and N, gases through high-temperature cata-
lyzed combustion followed by infrared detection.
Phosphates and potassium ions were determined by
molybdenum antimony ascorbic acid colorimetry and
flame photometry after acid digestion, respectively.

The powder morphology and the structure and
surface characteristics of the adsorbents before and
after activation and iron coating were obtained with a
Hitachi Su 8000 Series scanning electron microscope
(SEM). Surface element analysis of the IBs (DIB2,
DIB4, and DIB5) was performed simultaneously
through energy-dispersive X-ray spectrometry (EDS)
via the spectroscope attached to the SEM.

The specific surface areas (Sggr) of the adsorbents
(WB, 6HWB, DIB2, DIB4, and DIB5) were determined
through the Brunauer-Emmett-Teller (BET) method
via Nj adsorption at 77 K and with the use of a sur-
face area and porosity analyzer (Micromeritics TriStar
IT 3020). Total pore volume (V1) was defined as the
volume of liquid nitrogen corresponding to the
amount adsorbed at a relative pressure of PPy '=
0.99. Pore size distribution was determined through
the Barrett-Joyner-Halenda (BJH) method, and
adsorption average pore width was determined
according to the relationship 4 Vr1/Sggr.

2.2.2. Nitrate and phosphate adsorption

To test the nitrate and phosphate adsorption capac-
ities of DWB, 1THWB, 6HWB, DIBs, 1HIBs, and 6HIBs,
0.6 and 0.2g of these adsorbents were placed in
capped conical flasks containing 50 ml of KNOj solu-
tion (50 mg N L™ and 50ml of KH,PO, solution
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(50 mg PL™"), respectively, at pH 7.0. The flasks were
shaken with a shaker at 100 rpm for 3 h at room tem-
perature. Preliminary study suggests that 3 h is
required to reach nitrogen and phosphorus adsorption
equilibrium. After 3 h of adsorption, the concentra-
tions of nitrogen and phosphorus were determined
via phenol disulfonic acid method and molybdenum
antimony ascorbic acid colorimetry, respectively, and
the measurements were conducted at wavelengths of
420 and 700 nm, respectively. Each experiment was
replicated thrice.

The amount of nitrogen and phosphorus adsorbed
onto the adsorbents was calculated with the equation

qe = (Co — Ce)% 1)

where Cy and C. (mgL™) are the initial and
equilibrium solution concentrations, respectively; V is
the volume of the solution (L); qe (mgg!) is the
amount adsorbed; and m is the weight of each
adsorbent used (g).

The removal percentage of nitrogen and phosphorus
from aqueous solutions was calculated with the
equation below.

(CO - Ce)
0

Removal (%) = x 100 2

2.2.3. Study of the equilibrium adsorption of optimal
modified biochar (OMB)

To investigate the equilibrium adsorption of OMB,
0.6 g samples were mixed with 50 ml solutions con-
taining various nitrate concentrations (5, 7, 10, 15, 20,
30, 40, and 50 mgNL_1). Then, 0.2 g samples were
mixed with 50 ml solutions containing various phos-
phate concentrations (40, 50, 60, 70, 80, 90, and
100 mg PL™"). The amount of nitrogen and phospho-
rus adsorbed was calculated with Eq. (1).

2.2.4. Effect of initial pH on the adsorption capacity of
OMB

The pH values of the KNO; and KH,PO, solutions
(the concentration of nitrogen and phosphorus was
50 mg L") were adjusted to different values between
3 and 11. The initial pH of the solution was adjusted
with HCl or KOH and a pH meter. IB (0.6 and 0.2 g
samples) was added to the 50 ml KNO; and KH,PO,
solutions. The adsorption of nitrogen and phosphorus
was determined with Eq. (1).
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2.2.5. Statistical analysis

The nitrogen and phosphorus adsorption capacities
of DWB, 1THWB, 6HWB, DIBs, 1HIBs, and 6HIBs were
analyzed through one-way analysis of variance
(ANOVA) to determine OMB. The means were com-
pared through least significant difference method, and
statistical analysis was performed with SAS 9.2.

3. Results and discussion
3.1. Characterization of biochars and IBs

Elemental analysis of wheat straw showed that the
residues of agricultural production are carbon-rich
materials and have a carbon content of 43.06%
(Table 1). The carbon content of wheat straw is only
slightly lower than that of WB. After activation with
HCI, 6HWB obtained a higher content of carbon, nitro-
gen, and hydrogen than WB but a lower content of
oxygen, phosphorus, and potassium. The higher
hydrogen content of 6HWB compared with that of WB
suggests that protonation of hydroxyl groups occurred
at the surface of 6HWB, which was favorable to the
adsorption process. After coating with iron, the carbon
content of DIBs decreased more rapidly than that of
WB with the increase in the iron (hydr)oxides intro-
duced into the pores of WB. More oxygen, hydrogen,
and potassium elements appeared because of the
introduced iron (hydr)oxides. Furthermore, the oxygen
and hydrogen content of IBs increased as the mass
ratio of iron to biochar increased.

The SEM images of WB and 6HWB show that the
pores of 6HWB are more regular and heterogeneous
than those of WB (Fig. 1). Fig. 2 shows the SEM images
of DIB2, DIB4, and DIB5. The EDS spectra of the DIB2,
DIB4, and DIB5 surfaces (Fig. 2) show that the
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pores of these DIBs were coated with plenty of
iron (hydr)oxides particles; DIB5 was coated more
than DIB4 and DIB2 at low mass ratios. DIB5 had
more oxygen and less carbon content, and this finding
is in agreement with that of the element analysis
(Table 1). These results suggest that WB activation
with HCl and iron (hydr)oxide coating leads to the
generation of more available activated sites on the sur-
face of the adsorbents for nitrate and phosphate
adsorption [14].

The N, adsorption-desorption isotherms for WB,
6HWB, DIB2, DIB4, and DIB5 are shown in Fig. 3(a),
and the textural characteristics of these adsorbents are
listed in Table 2. The isotherm of 6HWB presented a
higher adsorption than that of WB and had a larger
surface area and pore volume (Table 2). DIB2, DIB4,
and DIB5 had a higher N, adsorption volume than
WB and 6HWB for the total range of relative pressure
as well as a larger surface area and pore volume
(Table 2). DIB4 had a larger surface area and pore vol-
ume than the other adsorbents. These results indicate
that an adsorbent may have an increased adsorption
capacity for nitrate and phosphate after activation
with HCl and iron (hydr)oxide coating, hence the
higher adsorption capacity of DIB4 compared with the
other adsorbents. The adsorption curves of WB,
6HWB, and DIB2 increased again when the relative
pressure was higher than 0.9; however, that of DIB2
increased more gradually than those of WB and
6HWB. These isotherms are classified as type II
according to IUPAC. However, this increase was not
observed in DIB4 and DIB5 (Fig. 3(a)); these two iso-
therms are classified as type I which is known as
Langmuir. When the relative pressure was higher than
0.4, the desorption curves of DIB2, DIB4, and DIB5
presented a hysteresis loop of type H.

Fig. 1. SEM images of WB (a) and 6HWB (b).
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Pore size distribution was determined through BJH
method (Fig. 3(b)). The pore structures of the adsor-
bents were basically micropore and mesopore (smaller
than 10 nm). After iron (hydr)oxide coating, the adsor-
bent acquired a larger pore volume; this value
increased initially and then decreased as the amount
of coated iron increased (Table 2). These results indi-
cate that the adsorption capacity of DIB4 may be
higher than that of the other adsorbents.

4685

3.2. Nitrate adsorption

The removal percentage and amount of adsorbed
nitrogen in 1IHWB and 6HWB were significantly
higher than that in DWB (Fig. 4(a) and Table 3) and
increased approximately more than 12 times for
1HWB and 22 times for 6HWB. Furthermore, treating
WB with HCl provided the adsorbents a higher sur-
face area and pore volume (Table 2), and may have

Fe

Fe

6 8

e )
10 keV

Element  Atomic %  Mass %
C 40.30 25.52
(¢} 42.40 35.76
Fe 8.47 24.95
Total 100 100

Fig. 2. SEM images (upper) and attached EDS spectra (lower) of DIB2 (a), DIB4 (b), and DIB5 (c).
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e Cl

Fig. 2. (Continued)

produced a large number of positive sites on the
surface (Fig. 1); the protonation of surface hydroxy
groups caused an increase in the electrostatic adsorp-
tion of nitrate [15]. Therefore, activation of WB with
HCI can increase adsorption capacity.

The adsorption capacity and removal percentage
of the adsorbents significantly improved as the

. K
i ) Fe
<. i
. P TR e,
4 6

8 10 keV

Element Atomic % Mass %
C 24.21 11.12
o 40.19 24.58
Fe 22.05 47.06
Total 100 100

amount of coated iron increased (Fig. 4(a) and
Table 3). At low mass ratios (0.14 and 0.28), activa-
tion with HCI increased the adsorption capacity and
removal percentage for nitrogen (Fig. 4(a) and
Table 3). For example, 6HIB2 (1.00mgg ' and
23.84%) was approximately 46% higher than DIB2
(0.68 mgg™' and 16.33%). However, as the ratio
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Fig. 2. (Continued)

increased, the improvement caused by the HCI
treatment did not continue to increase and thus,
indicates that the iron coated onto the pores of
DWB, 1HWB, and 6HWB was the main active
position for adsorption [21].

In the three series, the adsorption capacities and
removal percentages reached the maximum at a mass

Element Atomic % Mass %
C 12.78 4.56
O 35.15 16.72
Fe 49.47 65.52
Total 100 100

ratio of 0.70. This result indicates that more irons were
coated onto the IB pores at this ratio than at lower
mass ratios; this phenomenon resulted in more avail-
able sites for nitrate absorption. However, adsorption
capacity and removal percentage began to decline at a
mass ratio of 0.84 (Fig. 4(a) and Table 3) because of
the decrease in the pore volume and surface area
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Fig. 3. N, adsorption (closed symbols) and desorption
(open symbols) isotherms at 77 K (a) and pore size distri-
bution (b) of WB, 6HWB, DIB2, OMB (DIB4), and DIB5.

(Table 2). This result suggests that some pores of bio-
char were blocked with excess iron (Fig. 2) and
decreased the contact area of nitrate ions and iron
(hydr)oxides. This decrease had negative effects on

Table 2
Textural characteristics of WB, 6HWB, DIB2, DIB4, and DIB5
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adsorption. The optimal ratio for nitrogen adsorption
was 0.70, and no significant differences were observed
among the three series at 0.70.

3.3. Phosphate adsorption

The phosphorus adsorption capacities and
removal percentages of 1HWB and 6HWB were
higher than those of DWB (Fig. 4(b)); approximately
74% increase was observed for THWB and 42% for
6HWB. These results indicate that the pores of IHWB
and 6HWB contained more activated available sites
than those of DWB (Fig. 1), and the effect of treat-
ment with HCI on the adsorption capacity and
removal percentage for phosphorus was less than that
of nitrogen.

The adsorption capacities and removal percentages
for phosphorus of 1THWB and 6HWB were signifi-
cantly lower than those of the other five 1HIBs and
6HIBs. The amount of phosphorus adsorbed and the
removal percentage significantly increased as the mass
ratio of iron to biochar increased (Fig. 4(b) and
Table 4). A similar result was also found for the DIBs
series. The effect of treatment with HCI on the adsorp-
tion capacity and removal percentage for phosphorus
was very small even at low mass ratios (0.14 and 0.28)
(Fig. 4(b) and Table 4). For example, 6HIB2 (7.81 mg
g ! and 62.89%) is only approximately 6% higher than
DIB2 (7.31 mgg ' and 59.52%), and both are higher
than DWB (0.65 mgg ' and 5.28%); these results sug-
gest that the iron coated onto the adsorbent provided
the main active positions for phosphorous adsorption
[21].

The removal percentage and amount of phospho-
rus adsorbed onto DIB4 and DIB5 were both higher
than those in DWB and exhibited no significant differ-
ences with each other. In the 1HIBs and 6HIBs, the
amounts of phosphorus adsorbed and the removal
percentages were not significantly different at mass

Samples Sper (m* g ™") St.angmuir (M* g™ Sgyr (m” g™ Vs (em® g™ Vi (em® g ™) D, (nm)
WB 9.47 16.33 10.17 0.012 0.016 5.16
6HWB 14.58 26.70 15.66 0.017 0.020 4.72
DIB2 48.98 69.22 37.21 0.038 0.037 3.09
DIB4 138.56 193.97 99.77 0.095 0.084 2.75
DIB5 64.91 91.22 48.88 0.047 0.043 2.88

Notes: Sger: BET surface area, Spangmuir: Langmuir surface area, Sgj:

BJH adsorption cumulative surface area of pores between 1.7 and

300 nm, Vg: single point adsorption total pore volume of pores less than 75 nm in diameter, Vgj: BJH adsorption cumulative volume of

pores between 1.7 and 300 nm, D,,: adsorption average pore width.
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Table 3
Removal percentage (%) of nitrogen from water in the three series of IBs
Mass ratio 0 0.14 0.28 0.45 0.70 0.84
DIB 0.49 +0.41f 10.29 +0.20e 16.33 +1.44d 25.47 +0.98c 37.61+2.14b 32.51+1.83a
1HIB 6.32 + 0.64f 8.49 + 0.56e 18.17 +1.04d 24.84 +1.18¢c 39.53 +0.60b 33.44 + 3.65a
6HIB 10.59 +1.18d 16.12 = 1.60c 23.84 +1.50b 28.11+2.13b 38.97+5.91a 34.72 +2.66a
Table 4
Removal percentage (%) of phosphorus from water in the three series of IBs
Mass ratio 0 0.14 0.28 0.45 0.70 0.84
DIB 5.28 £2.63e 37.89+2.99d 59.52 + 2.64c 73.98 +4.73b 88.63 +2.70a 88.50 +5.74a
1HIB 9.19 £ 0.44e 32.44+1.27d 58.63 +2.65¢ 75.12 +1.10b 86.73 + 6.49a 83.19+4.01a
6HIB 7.45 +1.37f 40.17 £2.43e 62.89 +2.16d 79.44 +2.35¢ 86.49 +2.81b 92.89 +0.94a

ratios (iron to biochar) of 0.70 and 0.84 but were sig-
nificantly higher than those in 1HIB1, 1HIB2, 1HIB3,
6HIB1, 6HIB2, and 6HIB3. This result suggests that the
pores of biochar contained a large amount of iron
(hydr)oxides at a high mass ratio than at a low mass
ratio (Fig. 2) and thus, had more available sites for
phosphate adsorption. Therefore, these types of IBs
could be optimal for phosphorus adsorption.

In the three series of IBs, the phosphorus adsorp-
tion capacities of the six types of adsorbents at mass
ratios (iron to biochar) of 0.70 and 0.84 were not sig-
nificantly different. These results indicate that some of
the biochar pores were blocked with excess iron,
which led to a decrease in the active pores. This
decrease may have a negative effect on the adsorption
of phosphate ions onto the surface of DIB5, 1HIB5,
and 6HIB5.

3.4. Determination of OMB

Biochar treatment with HCI can increase nitrogen
and phosphorus adsorption capacities. However, this
treatment causes production costs to increase, and
results in increased environmental contamination risk.
For nitrogen adsorption, no significant differences were
exhibited by the three series at an iron-to-biochar mass
ratio of 0.70. The phosphorus adsorption capacities of
the six adsorbents at mass ratios of 0.70 and 0.84 were
not significantly different. DIB4 was found to be the
OMB. Therefore, the process involving DIB4 should be
utilized to remove nitrogen and phosphorus pollution.

3.5. Equilibrium adsorption studies on OMB (DIB4)

The nitrogen and phosphorus adsorption capacity
of DIB4 increased rapidly as the nitrate and phosphate

equilibrium concentration increased. A plateau was
reached eventually, which reveals that DIB4 was satu-
rated at this level (Fig. 5). The equilibrium adsorption
data were fitted through the use of Langmuir and
Freundlich models. The isotherm constants are shown
in Table 5.

The Langmuir isotherm [9,21-23] has been success-
fully applied to many adsorption processes. Its linear
form is

C. 1 Ce
Lo 4= 3)
qe bQo Qo
where b is the adsorption equilibrium constant

(Lmg™"), and Qy is the theoretical monolayer satura-
tion capacity (mgg™'). Table 5 shows that the correla-
tion coefficients of nitrogen and phosphorus (R?) are
0.987 and 0.985, respectively, and the maximum
adsorption capacities (Qp) are 247 mgNg ' and
16.58 mg P g ', respectively.

The essential characteristics of the Langmuir iso-
therm can be expressed in terms of a dimensionless
equilibrium parameter (Rp) [23]. The parameter is
defined by

Table 5
Constants of isotherms for adsorption of nitrogen and
phosphorus by DIB4

Pollutant Langmuir Freundlich
Qo b R? Kf n R?
mg gf1 L rng{1
Nitrogen 247 0.11 0.987 0.3 1.77  0.991
Phosphorus  16.58 0.21 0985 6.14 4.02 0.945
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1

R ———
L 1+b><C0

)

If the average of the Ry, values for each of the different
initial concentrations used is between 0 and 1, then
positive adsorption occurs [23]. Table 5 shows that for
nitrogen adsorption, b is 0.11 Lmg ' and C, is
between 5 and 50 mg L% thus, the R; value for
nitrogen adsorption changed between 0.15 and 0.65.
For phosphorus adsorption, b is 0.21 ngf1 and C, is
between 40 and 100 mg L% hence, the R, value for
phosphorus adsorption changed between 0.05 and
0.11. These results indicate that the adsorption
behavior of DIB4 was favorable for nitrogen and
phosphorus.

The Freundlich isotherm [9,21-23] is often utilized

for heterogeneous surface energy systems. The
Freundlich equation is expressed by the equation

1
log gqe = log Kf + p log Ce (5)

where Kf and 7 are Freundlich constants that represent
adsorption capacity and adsorption intensity, respec-
tively. As shown in Table 5, for nitrogen adsorption,
Kf is 0.32, R* is 0.991, and n=1.77. For phosphorus
adsorption, Kf is 6.14, R? is 0.945, and 7 =4.02. These
values of n are all larger than one and suggest that
nitrate was positively adsorbed onto DIB4 [24].

3.6. Effect of initial pH on the adsorption capacity of OMB
(DIB4)

When the pH of the solution increased from 3 to
11, the amount of adsorbed nitrogen decreased, but
the amount of adsorbed phosphorus increased initially
and then decreased (Fig. 6). The optimal pH range for
nitrogen adsorption was pH 3-6, similar to phospho-
rus adsorption. After the final adsorption equilibrium
in the two adsorption processes, the pH values of both
were lower than 7 even when the initial pH of the
solution was 11. The decrease in pH of the solution
resulted in more protons being available to protonate
the DIB4 surface, and the number of positively
charged sites increased [22].

Nitrogen and phosphorus removal were most
effective at pH 3 and 6, respectively, and ge was high-
est at 1.94 and 1220 mgg . Therefore, DIB4 favored
acidic conditions for nitrate adsorption. For phospho-
rus adsorption, when the pH value was between 3
and 6, H,PO, was the major species in the phosphate
solution and was adsorbed onto the DIB4 surface.
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When the wastewater contained both nitrate and
phosphate, nitrate and phosphate removal were most
effective at pH 3-6.

3.7. Adsorption mechanism of OMB (DIB4)

According to the study of Saha et al. [25], akaganeite
may form in the resultant OMB (DIB4); in the present
study, akaganeite was formed in the ferric chloride
solutions because of the interaction of chloride ions
with the surface of the hydrous ion [16]. The active
substance was amorphous FeOOH [25].

The Fe’* ion easily forms an octahedral complex in
a water solution (Fig. 7). Therefore, the structure of
the hydroxylated mineral surface complex of DIB4 is
similar to the Fe®* ion (Fig. 7) in a water solution,
where C-Fe is the surface complexes between iron
(hydr)oxide and biochar.

In the adsorption process, the surface complexes
formed are classified as inner- and outer-sphere com-
plexes, depending on the bonding between the anions
and surface active site [26]. In the nitrogen adsorption
process, nitrate adsorption forms outer-sphere com-
plexes through electrostatic forces as follows:

[C-Fe(OH,)5 ]2 +NOj,, « [C — Fe(OHy)s]**
++-NOs

(6)

In addition to the formed outer-sphere complexes
through electrostatic forces, such as nitrate adsorption
[Egs. (7), (11), and (12)], the surface of DIB4 mainly
forms the inner-complexes of ferric phosphate (Egs.
(8)—(10)) as follows:

[C-Fe(OHy)s I + HyPOy,,) < [C — Fe(OHy)sI**
-~ HaPOy

@)

[C-Fe(OH,)sI( + HaPOy

8)
« [C — Fe(OH)4(H2PO)I + H20 (

[C-Fe(OH,)4 (PO, + HaPOy

& [C — Fe(OH,)3(H,PO4), 1" + H,O 9

[C—FE(OH2)3(H2PO4)2](+S) + HzPO;(aq)

— [C — Fe(OH;),(H,PO4)3]1 + H,O (10

[C-Fe(OH)4(H2PORIT + HaPOyy,

 [C — Fe(OHy)4(H,PO.)[*" - - HoPOy an
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[C-Fe(OH,)3(H,POW)I ;) + HaPOy

< [C — Fe(OH,)3(H,POy4)] " - -- HyPO,) (12)

where H,POy,,, represents the main phosphate salt at
pH 3-6. Iron (hydr)oxides have a high affinity for
phosphate and are very selective in the adsorption
process [18]. Therefore, the phosphorus adsorption
capacity of DIB4 was significantly higher than its
nitrogen adsorption capacity (Figs. 5 and 6).

The Fe’* ion has a high charge-to-size ratio
because of its high positive charge and small ion
radius. This condition leads to the production of the
significant hydrolytic action of Fe®* in a water solu-
tion. Step-by-step hydrolytic action occurs as
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Fig. 4. Amount of nitrogen (a) and phosphorus (b)
adsorbed onto DWB, 1THWB, 6HWB, DIBs, 1HIBs, and
6HIBs.
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Fig. 5. Adsorption isotherms of nitrogen and phosphorus
in DIB4.

[Fe(H,O)s]*" + H,O « [Fe(H,0)s(OH)*" + H;0O*
(13)

[Fe(H,O)(OH)I** + H,0 « [Fe(H,0)4(OH),]" + H;0"
(14)

The surface of DIB4 forms the complexes in water,
similar to Egs. (13) and (14).

[C-Fe(OH,)sI(;) + H,0 « [C — Fe(OH,)4(OH)IZ)

+H;O" (15)
[C-Fe(OH,)4(OHIY;) + H,0
« [C-Fe(OH,);(OH), 1, + H;O* (16)

In the nitrogen and phosphorus solutions, a large
amount  of LC—Fe(OHg)S}?;; changed  into
[CfFe(OH2)4(OH)](:), [CfFe(OH2)3(OH)](+S), and H;O"

3.0 125
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Fig. 6. Effect of pH on the nitrogen and phosphorus
adsorption capacity of DIB4.
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Fig. 7. Surface complexes of Fe’* ion (left) and DIB4 (right)
in a water solution.

[Egs. (15) and (16)] with the increase in pH. Therefore,
DIB4 had a higher nitrate and phosphate adsorption
capacity in low-pH solutions than in high-pH solu-
tions (Fig. 6). The pH of the final adsorption equilib-
rium solution was lower than 7 even when the initial
pH of the solution was 11.

4. Conclusions

The adsorption capacity of wheat straw biochar
improved significantly after coating with iron. The
iron-coated biochar, DIB4, was the optimal adsorbent,
and its maximum adsorption capacities were 2.47 mg
N g ' and 16.58 mg P g '; the most effective pH values
were 3 and 6. The combination of biochar and iron
maximized the increased capability of these two mate-
rials to remove nitrate and phosphate and could be an
efficient means of fully utilizing wheat straw.
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