2 M processes

Article

Increasing Surface Functionalities of FeCl3-Modified Reed
Waste Biochar for Enhanced Nitrate Adsorption Property

Peijing Kuang !, Yubo Cui “*, Zhongwei Zhang 1, Kedong Ma !, Wanjun Zhang !, Ke Zhao ? and Xiaomeng Zhang !

check for
updates

Citation: Kuang, P; Cui, Y.; Zhang,
Z.;Ma, K,; Zhang, W.; Zhao, K.;
Zhang, X. Increasing Surface
Functionalities of FeCl3-Modified
Reed Waste Biochar for Enhanced
Nitrate Adsorption Property.
Processes 2023, 11, 1740. https://
doi.org/10.3390/pr11061740

Academic Editor: Wen-Tien Tsai

Received: 21 March 2023
Revised: 10 April 2023
Accepted: 22 May 2023
Published: 7 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

College of Environment and Resources, Dalian Minzu University, Dalian 116600, China;
kuangpeijing@dInu.edu.cn (P.XK.)

Key Laboratory of Songliao Aquatic Environment, Ministry of Education, Jilin Jianzhu University,
Changchun 130118, China

*  Correspondence: cyb@dInu.edu.cn; Tel. /Fax: +86-411-87656335

Abstract: Ferric chloride (FeCl3) modified reed straw-based biochar was synthesized to remove
nitrate from aqueous solutions and achieve waste recycling. The adsorption of nitrate onto Fe-
RBC-600 adsorbents could be described by the pseudo-second-order kinetic model and fitted to
Langmuir adsorption, and the maximum adsorption capacity predicted using the Langmuir model
was 272.024 mg g~ !. The adsorbent characterization indicated that a high temperature of 600 °C
and an oxygen-poor environment could develop a hydrophobic surface and O-containing functional
groups on the biochar, which provided more binding sites for Fe** /Fe?* attachment and increased the
surface functionality of Fe-RBC-600 with iron oxide formation. The increasing surface functionality
successfully enhanced the nitrate adsorption property. The mechanism of nitrate adsorption was
mainly attributed to the physical adsorption onto the positive surface and sequential chemical
reduction by Fe?*, and the electrostatic adsorption by protonated amine groups.

Keywords: reed waste biochar; nitrate adsorption property; iron modification; surface functionalities;
mechanism

1. Introduction

As a kind of oxide of nitrogen, nitrate commonly exists in various types of agricultural,
domestic and industrial wastewater and drinking water, and it gives rise to eutrophication
and poses a serious threat to the environment [1]. Excess nitrate ingestion induces signifi-
cant risk to human health, including infection diseases, such as cyanosis and cancer of the
alimentary canal [2,3]. Based on this, the maximum accepted levels of nitrate concentra-
tion in drinking water are stipulated as 10 mg-N/L by the U.S. Environmental Protection
Agency, 11.3 mg-N/L by the World Health Organization (WHO) and European drinking
water directive and 20 mg-N/L according to China’s grade III standard for groundwater
quality (GB/T 14, 848-2017) [4,5]. Numerous techniques for the removal of nitrate have
been reported with varying levels of efficiency, cost and ease of operation. Adsorption is
generally considered a desirable technology due to its high efficiency, low energy input
and simplicity of operation [6], making it effective in reducing nitrate concentrations to a
permissible value. The adsorbent is at the core of the adsorption process. Biochar, produced
by the thermal pyrolysis of biomass, exhibited great potential as an attractive adsorbent
owing to its unique characteristics of a high specific surface area, well-developed pore
structure and rich surface functionality [7]. Nitrate could be removed by attaching specific
functional groups of biochar with specific interactions [8]. Meanwhile, biomass-based
biochar materials placed carbon (C) into a recalcitrant form, functioning as a negative
greenhouse gas emission technology with sustainable development co-benefits, also aiding
in climate change mitigation [9].

As we know, many kinds of agriculture and forestry plants become waste after harvest
and wilting, and these may be discarded directly or burned on the spot, resulting in envi-
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ronmental pollution. Many research efforts have been dedicated to converting agriculture
and forestry waste to biochar to act as the adsorbents in subsequent nitrate removal [10].
However, the negative biochar surface with oxygen functional groups had an electrostatic
repulsion to anions, and resulted in a lower adsorption capacity in the range of between 16
and 65 mmol/kg for nitrate [11-13]. Research found that metal-modified biochar exhibited
a higher nitrate adsorption ability based on the specific affinity of metal oxide toward
nitrate, and introducing iron (hydr)oxides into porous biochar has been a widely used
method for metal modification [14]. It was reported that the nitrate removal rate in ground-
water treated with bagasse biochar was less than 5%, while this increased to nearly 80%
after modification with nano-zero-valent iron [15]. Li et al. found that iron-modified reed
biochar offered a higher adsorption capacity of 1.747 mg-g~! for nitrate [16], for which the
positively charged surface of iron-modified biochar attracted nitrate anions easily [17]. You
et al. suggested that introducing iron oxides to the biochar surface promoted a chemical
redox reaction between Fe?* and NO; ~-N, and obtained the maximum nitrate adsorption
capacity of 34.20 mg- g*1 [18]. Iron modification was highly efficient for enhancing the ad-
sorption properties of biochar for nitrate owing to its selectivity towards nitrate oxyanions
in the adsorption process [19,20].

From a mechanism point of view, the behavior of nitrate adsorption is mainly related
to the surface functionality of biochar. The surface functionality of iron-modified biochar
depends largely on the iron-containing functional groups formed through the affinity
between the Fe>* /Fe?* and surface functional groups of unmodified biochar. Therefore,
the functional groups of biochar play an important role in the surface functionality of
iron-modified biochar and sequential nitrate adsorption behavior. It was proved that
the formation of biochar functional groups varied based on pyrolysis conditions [21,22].
Researchers found that the partial-oxidation process under a higher pyrolysis temperature
could decrease O-containing surface functionalities and increase the nitrogen content of
functional groups that are believed to be predominant in governing the attachment of ions
on carbon surfaces [23]. As another important pyrolysis condition, protective gas was also
crucial to the change of the biochar pattern. Compared to the oxygen-poor environment
of smoldering combustion, adding nitrogen as a protective gas could prevent the organic
matter of biochar from burning, which also affected the composition of surface functional
groups and their binding ability for ions [24]. Thus, pyrolysis conditions significantly
affected the attachment of ions on the biochar due to their effects on the formation of
surface functional groups. However, no systematic exploration was made on the effects
of pyrolysis conditions on Fe3* /Fe?* attachment on the biochar and the formation of iron
oxides during iron modification. The composition of iron-containing functional groups
and their improvement of the surface functionality of iron-modified biochar need to be
explored in detail. Furthermore, it remains unclear which iron-containing functional groups
contributed to the enhanced nitrate removal, and the pathway of nitrate binding to these
functional groups was still under debate.

To solve the above problems, reed straw waste was used as the biochar feedstock
to alleviate nitrate pollution in water and achieve resource utilization of waste. In this
study, different models and characterization methods were used to investigate the nitrate
adsorption characteristics and mechanisms. The effects of pyrolysis conditions, including
temperature and protective gas, on the composition of biochar functional groups and
sequential formation of surface functionality for iron modified biochar were systematically
investigated. Then, the iron-containing functional groups that could participate in the
nitrate adsorption were identified, and their interactions were proposed.

2. Experimental
2.1. Chemicals

Potassium nitrate (KNO3), ferric chloride hexahydrate (FeCl;-6H,O) and reagents
for nitrate detection were all obtained from Sinopharm Chemical Reagent Beijing Co.,
Ltd., Beijing, China. All reagents were used without further purification. As the average
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concentration of nitrate in groundwater in some rural area of Dalian was detected as
50 mg-N/L for several years [25], the synthetic nitrate solutions utilized in our research
was prepared with an initial nitrate concentration of 50 mg-N/L by dissolving KNOj in
ultrapure water from a Symply-Lab water system (Direct-Q UV3, Millipore, Burlington,
MA, USA).

2.2. Biochar Preparation and Modification

The reed straw used for preparation of biochar in the present study was collected from
the constructed wetlands in Dalian. The straw was first cut into small pieces (about 2 cm)
and washed with tap water to remove dirt and air-dried at room temperature for several
days. Reed straw was crushed and sieved to a desired particle size (100~200 mesh) using
heavy-duty cutting mill (FW-80, Shanghai Hu Yue Ming Scientific Instrument Co., Ltd.,
Shanghai, China), followed by washing with tap water and drying at 85 °C in an oven
for later carbonization. Biomass was converted into reed straw biochar (RBC) in a muffle
furnace at temperatures of 200 °C (RBC-200), 400 °C (RBC-400) and 600 °C (RBC-600) to
explore the effect of pyrolysis temperature on biochar preparation. The pyrolysis processes
proceeded under an oxygen-poor environment for 2 h at a heating rate of 10 °C/min. In
order to analyze the impact of gas condition on biochar, RBC was prepared by bubbling
N, into muffle furnace as protective gas at pyrolysis temperature of 600 °C (RBC-600-N).
Iron-modified reed straw biochar (Fe-RBC) was prepared by soaking RBC in FeClj solution
at 30 °C for 12 h with a mass ratio (porous carbon to FeCls) of 1:5 and bath ratio of 1:20,
and was then dried for 1.5 h.

2.3. Analysis

The surface morphology of the biochar samples before and after modification was
determined using scanning electron microscope (SEM, JSM-6700F, Japanese Electronic,
Tokyo, Japan). The surface phases were investigated with X-ray diffraction (XRD) using a
Rigaku D/MAX-YA diffraction with Ni-filtered Cu K radiation (D8-02, Bruker, Mannheim,
Germany). Fourier transform infrared spectroscopy (FTIR) (Vertex 70V, Bruker, Mannheim,
Germany) was used to analysis the surface functional groups of biochar samples under dif-
ferent pyrolysis conditions. The elemental composition and chemical oxidation/reduction
state of the RBC and Fe-RBC were determined with X-ray photoelectron spectroscopy
(XPS) (ESCALAB250Xi, Thermo Fisher, Waltham, MA, USA). Nitrate concentrations were
determined using the hydrazine sulfate reduction method, employing an automatic dis-
continuous chemical analyzer (DeChem-Tech, Hamburg, Germany). The specific surface
area and total pore volume of biochar were examined using Brunauer—-Emmett-Teller (BET)
measurements, which were identified using the N, adsorption/desorption isotherm using
a surface area analyzer (Quanta chrome Corporation, Boynton Beach, FL, USA) at 77 K.

2.4. Batch Adsorption Studies
2.4.1. Adsorption Kinetics

The solutions containing nitrate N of 50 mg L~! were prepared from KNOj3. A total
of 100 mL nitrate solution was poured into conical flasks with 0.5 g RBC and Fe-RBC to
evaluate the adsorption capacity of biochar. They were sealed and agitated at 150 rpm in
a thermostatic shaker at room temperature. Then, 1 mL water sample was withdrawn at
preset time intervals (5, 10, 20, 40, 60 and 90 min) from solution to determine the residual
nitrate concentration. The samples were filtered with 0.45 um syringe filter before analysis.
Adsorption experiments were conducted in triplicate and the mean values were reported.
The amount of nitrate adsorbed per unit mass of adsorbent g; (mg g~!) was calculated

using the following equation
(C 0~ Ct) xV

gm0 M)

where Cy (mg L~1) is the initial nitrate concentration; C; (mg L~1) is the nitrate concentration
at time £; V (L) is the volume of nitrate solution; and m (g) is the mass of adsorbent.
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Pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic models
were proposed to reflect the variation tendency of nitrate concentration with time and
quantitatively describe adsorption behaviors, which were expressed as

pseudo-first-order : In(q, —q;) = In(q,) — kit ()

where ki is the rate constant (min~!) of pseudo-first-order model and g, and g; are the
adsorption capacity (mg g~') at equilibrium and time , respectively.

1 1

seudo-second-order : — = — + — (¢ 3
p Qt kZ qg qe ( ) ( )
where k; is the rate constant of pseudo-second-order model (g (min mg)~!) and g; and g,
are the amount of adsorbate adsorbed at time t and at equilibrium (mg g~1), respectively.

intra-particle diffusion : g; = Kj;t*° 4)

0.5)

where K is the penetration rate constant ((mg g~!) min~—?), which was obtained from the

slope of g; versus 1%,

2.4.2. Adsorption Isotherm
A total of 0.2 g Fe-RBC adsorbent was added to a series of conical flasks containing
50 mL nitrate solution (25, 50, 75, 100 and 150 mg L!). A 1 mL sample was taken out after
90 min to detect nitrate concentration. Langmuir (Equation (5)), Langmuir-Freundlich
(Equation (6)), Freundlich (Equation (7)), two-site Langmuir (Equation (8)) and Dubinin-
Radushkevich (Equation (9)) models were employed to analyze adsorption equilibrium
data, which can be expressed as
_ QmaxKL Ce
e = 11KG
e = QmuxKL—FCrin (6)
1+Kp-F Ce
ge= KpC;'" @

_ QIKC | OKC

©)

9= 17K.C " 1+K:Co ®)
= Quasexp(—BIRTIn(1+ )] ©)

where g, (mg g~!) and C, (mg L) are the amount of nitrate uptake and nitrate concen-
tration at equilibrium, respectively; Quax (g g’l) is the fitting maximum adsorption
capacity; K; (L mg™!) is the Langmuir constant; K; _r (L mg~!) is the Langmuir-Freundlich
constant, Kr ((mg g’l) (L mg’l)l/ ") is the Freundlich constant; n is an empirical param-
eter; m is the heterogeneity factor; K; (L mg’l) and K, (L mg’l) are the affinity coeffi-
cients; Q; (mg g~ !) and Q; (mg g~ !) are the corresponding maximum adsorption capacity
(Qmax = Q1 + Q2); B is a constant related to adsorption energy (mol?/kJ?); R is an ideal gas
constant (8.314 J/mol-K); and T is the thermodynamic temperature (K).

3. Results and Discussion
3.1. Characterization of Biochar

The textural properties and surface morphology of RBCs prepared with different
pyrolysis temperatures and protective gases were characterized using the SEM. The surface
textures of the raw reed straw were comparatively rough and uneven (Figure 1a). For
RBC-200, there was no significant change in the surface morphology after pyrolysis because
the reed straw was hardly carbonized under the relatively low pyrolysis temperature
(Figure 1b). The heterogeneous and honeycomb-like structure could be observed in the
biochar as the pyrolysis temperature increased (Figure 1c,d). RBC-600 had the most uniform
pore structure, illustrating the better development at a higher temperature. The formation
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of pores was probably due to the escape of volatile substances and the formation of
channel structures during pyrolysis [26,27]. Little difference was observed on the surface
morphology of RBC-600 (Figure 1d) and RBC-600-N (Figure 1e).

Figure 1. SEM images of the reed straw (a), reed straw biochar (RBC) prepared at different tem-
peratures under oxygen-poor environment ((b): RBC-200, (c): RBC-400, (d): RBC-600) and 600 °C
under N, protection (RBC-600-N) (e), and the surface (f) and pores (g) of iron-modified biochar
(Fe-RBC-600).

The morphological characteristics of iron-modified biochar were also analyzed using
SEM. After loading with FeClz, a number of small polyhedron crystals attached to the
pores and surface of RBC-600 (Figure 1f,g), and made the surface of the composite rougher
and less even. These results were consistent with those from other iron-modified biochar
materials, which suggested that iron oxide particles could be bonded to the carbon matrix
during iron modification [12]. However, the phenomenon was not observed on biochar
prepared at other pyrolysis conditions. Compared to other pyrolysis temperatures, RBC-600
had abundant pores and a rugged surface and, thus, presented a good binding site for the
modified materials [28]. Considering the above results, a higher temperature of 600 °C and
oxygen-poor environment successfully promoted the formation of iron-modified biochar
(Fe-RBC-600).

XRD patterns were used to further verify the chemical component of small polyhedron
crystals formed on Fe-RBC-600 (Figure 2). The corresponding diffraction peaks could
be indexed using a JCPDS (Joint Committee on Powder Diffraction Standards) X-ray
powder diffraction file of No. 99-0088. The diffraction peak at 24.52° was assigned to the
characteristic diffraction peaks of biochar [29], which showed no significant differences
in peak intensity and angle before and after iron modification. The diffraction peaks
assigned to the Fe;O3, Fe304, FeOOH and Fe;C could be observed on Fe-RBC-600. FeCl;
preloaded on porous carbon was proved to be hydrolyzed to Fe(OH); and FeOOH, which
could partly decompose into Fe,O3 [30]. Meanwhile, part of Fe;O3 would be reduced
to FeO with reduction components [31], and FeO was converted to Fe;C because of the
interaction with reduction components [32]. It could be concluded that various iron oxides
formed and adhered on the biochar surface during iron modification, improving the surface
functionality of Fe-RBC-600.

Table 1 presented that the BET specific surface areas and pore size of our prepared
biochar exhibited significant variations before and after modification. Compared with the
surface area and average pore diameter of unmodified biochar (7.41 m? /g, 3.806 nm), the
surface area and average pore diameter decreased to 2.29 m?/g and 1.818 nm after iron
modification. The lower surface area of Fe-RBC was probably because of the abundance
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of iron oxides that have a small surface area, and the decrease in the pore volume was
attributed to the blockage of pores by iron oxide particles. As the radius of NO3;~ was
0.129 nm, it would be possible for nitrate to penetrate into the pores of all kinds of biochar.

Fe-RBC

——RBC

Intersity (a.u.)

FeOOH Fe]c F3203

10 20 30 40 50 60 70
2 Theta (deg.)

Figure 2. XRD spectra results of RBC and Fe-RBC.

Table 1. BET analysis for pore structure parameters of different kinds of modified biochar.

RBC Fe-RBC
Specific surface area (m?/ g) 7412 2.289
Pore volume (cc/g) 0.011 0.003
Average pore diameter (nm) 3.806 1.818

3.2. Adsorption Kinetics and Isotherm

The nitrate adsorption capacity of RBC-600 and Fe-RBC-600 was also studied (Figure 3).
A higher nitrate removal efficiency of approximately 30% could be achieved using Fe-
RBC-600 after a 1.5 h operation with the adsorption capacity of 27.20 mg g~! calculated
using Equation (1); however, almost no nitrate was adsorbed by RBC-600. The results
suggested that the iron-modified biochar provided more available activated sites for nitrate
adsorption [33]. Furthermore, the Fe-RBC-600 prepared in this research had a higher
adsorption capacity than some other kinds of Fe-modified materials in previous studies
(Table 2). Compared with pyrolysis at 450 °C [16], a higher temperature of 600 °C can
develop a better porous structure in biochar [26]. Meanwhile, the N, phenomenon oxygen-
poor environment also promoted the formation of O-containing functional groups on
biochar. These conditions provided more available activated sites for iron modification and
subsequent nitrate adsorption [33]. Adel et al. [12] obtained a lower adsorption ability of
biochar after iron modification, which might be because the original conocarpus waste had
fewer functional groups for binding with Fe3* /Fe?*. The high adsorption capacity could
be explained by the combination of various modification processes and, thus, there being
more adsorption sites for nitrate [18,34,35]. Therefore, the iron-modified biochar prepared
in our study was preferable in terms of nitrate adsorption.
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Figure 3. Variation in nitrate concentration during adsorption process using 0.5 g RBC-600 and 0.5 g
Fe-RBC-600 with an initial concentration of 50 mg L1 (asN).

Table 2. Comparison of NO3 ~-N adsorption capacity of Fe-RBC-600 with other results.

. . o, Adsorption
Adsorbents Preparation Reactive Conditions Capacity (mg/g) Reference
. 600 °C,1 h, under Ny, adsorbent 2.0 g/L, 24 h,
MgFe_tli)OIC_I};:;OdIﬁEd 0.1 mol/L FeCl3 and initial concentration 7.22 [18]
0.3 mol/L MgCl, 45 mg-N/L, acid condition
HCI-Fe-modified 1.0 mol/L HCl for 2 h, adsorbent 2.0 g/1, 30 min, - -
coconut shell biochar 1.0 mol/L FeClj for 6 h . ’
32.10 mg-N/L, initial pH 2.01
Fe-Al-modified coconut 1.0mol/L HCl for 1 h, adsorbent 2.0g/L, 50 mL
. 1.0 mol/L FeCl3 and 1.0 mol/L . . .. 34.2 [34]
shell biochar AICL for 6 solution, 24 h, acid condition
3
FeO-modified 1 mol/L FeCl, /FeClj for 2 h, a@scl)rlbent 10.0 g/L., 2h,
conocarpu biochar 600 °C for 4 h initial concentration 1.26 [12]
P 25 mg-N/L, initial pH 6
. adsorbent 10.0 g/L, 2 h,
Irons—trs;(zjléizccihv:ileat 450 °C, 1 mol/L FeCl3 initial concentration 2.47 [16]
50 mg-N/L, initial pH 6
fron-modified 27.20 Present study

reed biochar

In order to systematically investigate the behavior of nitrate adsorption onto Fe-RBC-
600, different kinetic models for nitrate adsorption were analyzed (Figure 4). The residual
sum of squares (RSS), chi-square analysis (x?) and coefficient of determination (R?) were
employed to evaluate the goodness of fit for various kinetic and isotherm models (Table 3).

As the results indicated, the pseudo-second-order model provided a better fit to the
experimental data of nitrate adsorption onto Fe-RBC-600 as it had the highest R? value of
0.994, and the smallest RSS of 0.412 and X? of 0.069 compared to the results obtained from
the pseudo-first-order model (R2 =(.883, RSS = 7.145, X2 = 1.919). The simulated nitrate N
sorption capacity of 28.51 mg g~ ! was closer to the real value of 27.20 mg g~ !. This reflected
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that nitrate adsorption occurred on Fe-RBC-600 as a result of chemical adsorption, and the
diffusion was the rate-determining mechanism [12], which is the typical phenomenon for
carbon materials modified in a similar way. Therefore, the great nitrate adsorption capacity
might be attributed to the surface functionality of Fe-RBC-600, with various iron oxides
adhering to promote nitrate adsorption.

28 30
gy " g—=—a
26 251 .,I’.
o m data
244 step 1
'Tm -—,*m 15 step 2
& 22 - oD step 3
£ E 10
S 904 B Experimental data o
Pseudo-first-order th
18 Pseudo-second-order 04
T T T T T T T 1 T T | T T T T
0 10 20 30 40 50 60 70 80 90 100 00 02 04 06 08 10 1.2 14
Time (min) (03 (005
(a) (b)
Figure 4. Kinetics for nitrate adsorption on Fe-RBC-600 composite: (a) pseudo-first-order and pseudo-
second-order models, (b) intra-particle diffusion model.
Table 3. Kinetic parameters obtained from nitrate adsorption on Fe-RBC-600.
Co Gexp Jcal 2 2
Model (mg/L) (mgg 1) (mg g 1) k1 R X RSS
pseudo-first order 50 27.22 26.22 0.203 0.883 1.191 7.145
pseudo-second order 50 27.22 28.36 0.012 0.994 0.069 0.412
. o diffuc ka1 2 kao 2 kg3 2
intra-particle diffusion (mg/h!/2/g) ] Ry (mg/h1"2/g) Cy R, (mg/h1/2/g) Cs R3
56.062 0.377 0.98 11.969 17.580 0.99 1.274 25.728 0.40

Meanwhile, nitrate adsorption was also evaluated using the intra-particle diffusion
model to predict whether the intra-particle diffusion was a rate-determining step. As
Figure 4b shows, the graph of g, and t*° was divided into three straight lines, which
indicated that the intra-particle diffusion was not the only rate-controlling step. These three
regions corresponded with the external mass transfer stage, intra-particle diffusion stage
and adsorption equilibrium stage during the nitrate adsorption process [36]. As adsorption
theory illustrated, the initial step represented the nitrate ion’s migration from solution to
the surface of biochar adsorbents. The largest value of k1 (56.062 mg/h!/2/g) indicated the
highest rate of nitrate removal in this stage, which might have been because of the excellent
surface functionality of Fe-RBC-600, which initially provided a large amount of adsorption
sites for nitrate and the solute concentration gradient was high. The second step referred
to nitrate ion diffusion to the binding sites through its pore region, and the smaller value
of k;7 (11.969 mg/h'/2 /g) might have resulted from the gradually increasing occupation
of reactive sites on the adsorbent and the reducing concentration of nitrate in the solution.
The smallest value of k;3 (1.274 mg/h'/2/g) suggested that the nitrate adsorption process
had reached the adsorption equilibrium and exhibited a slower adsorption rate.
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The equilibrium adsorption isotherm is also a very important tool for designing
sorption systems [37]. Figure 5 intuitively describes whether the fitted curve was close to
the experimental data points for the five isotherm models. Comparatively, the best fitted
model for Fe-RBC-600 was the Langmuir model, whose correlation coefficient was 0.975 (as
Table 4 shows), indicating a monolayer and homogeneous/uniform adsorption process.

140 140
120 - 120 - =
»
100 100
2 80- 3 80-
gD &
E E
o 604 2 60
e B Experimental data
40 Langmuir 40 B Experimental data
Freundlich Tow-sites Langmuir
20 A Langmuir-Freundlich 204 Dubinin-Radushkevich
T T T T T I 1 ) T T T
0 20 60 80 100 120 140 0 20 40 60 80 100 120 140
e (mg/L) ¢ (mg/L)
(a) (b)
Figure 5. Adsorption isotherm for nitrate adsorption on Fe—RBC (a,b).
Table 4. Parameters of adsorption isotherm models for Fe-RBC.
Model RSS x> R? Parameters
. q=272.024mg g~ !
Langmuir 121.962 40.654 0.975 K, = 0.00734
. Kr =4.79301
Freundlich 239.528 79.843 0.951 n = 145047
q=185.806 mg g~!
Langmuir-Freundlich 84.179 42.090 0.974 K; _r =0.00367
m =1.32876
q1 =246.343mg g~ !
. . K1 =0.01048
Two-site Langmuir 99.611 99.611 0.939 42 = —10.546 mg g !
K, =1.0305 x 107°
- -1
Dubinin-Radushkevich 727.508 242,503 0.852 gm = 133.734 mg g

B =222 x 10~ mol?/KkJ?

The essential characteristics of the Langmuir isotherm were expressed in terms of a
dimensionless equilibrium parameter (Rr) that was defined using the following equation:

1

Rp=—
L 1+ K Co

(10)

It was proved that if the average of the Ry values for each of the different initial
concentrations used was between 0 and 1, positive adsorption would occur [38]. According
to the data in Table 4, the R}, values changed from 0.48 to 0.84, indicating that nitrate was
adsorbed favorably with Fe-RBC-600. Meanwhile, the Freundlich constant #n of 1.45247
also proved the easy occurrence of nitrate adsorption, because the values of 1/n were less
than unity [39]. Compared to the negligible adsorption capacity of RBC-600, the maximum
sorption capacity of 272.024 mg g~ ! for Fe-RBC-600 means it could be postulated that
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the attachment of iron oxides onto the biochar surface successfully increased the surface
functionality and sequentially promoted the nitrate adsorption process.

3.3. Identification of Mechanism
3.3.1. FTIR Spectroscopy

The variations in functional groups on original reed straw and biochar prepared
with different temperatures and protective gas were investigated using FTIR spectra. As
shown in Figure 6a, the adsorption peaks at approximately 1049, 1553, 1630, 2952 and
3450 cm ! for biochar prepared under different conditions could be assigned to C-OH,
N-H bending of primary amines, C=0 stretching of hemicellulose, C-H stretching and
O-H stretching of the hydroxyl group, respectively [40]. The similar functional groups in
both the original reed straw and RBC-200 also proved the unchanged chemical component
of the biomass. This might have been because the lower temperature could not achieve the
carbonization of biomass. As the pyrolysis temperature increased, the peak area of N-H,
C=0, -CHj,— and O-H stretching and bending vibrations decreased. The results revealed
that the number of these groups on the biochar surface reduced during carbonization under
the higher temperature, which resulted in poorer hydrophilic properties [41]. Therefore, the
hydrophobic surface inhibited the adherence of water molecules and sequentially provided
more binding sites for ferric ion during iron modification. Meanwhile, the oxygen atoms of
acidic functional groups were proved to have intriguing interactions with a spectrum of
cationic substances and increase the cation exchange capacity [42], and, thus, the existence
of C=0, C-OH and O-H in RBC-600 was in favor of ferric ion attachment on the surface.

:|C=O o
c-oH IN-H -CH-

T T T T T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000

O-H
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(a) (b)

Figure 6. FTIR spectra of original reed straw biomass and RBC prepared under different pyrolysis
temperatures (a) and gas conditions (b). The components are shown as follows: (1) original reed straw
biomass (black), (2) RBC-200 (red), (3) RBC-400 (blue), (4) RBC-600 (pink) and (5) RBC-600-N (green).

On the other hand, the protective gas also had an effect on the surface functional
groups’ formation. Compared to the oxygen-poor environment, the absorbance peaks
of N-H, C=0, -CH;- and O-H almost disappeared after pyrolysis under N, protection
(Figure 6b). This was consistent with a previous report that the surface oxidation of biochar
happened during aerobic thermal treatment, and the attachment of oxygen species mostly
came from the gas phase [43]. Therefore, the N, environment hindered the formation of
O-containing functional groups for biochar, and, thus, decreased the number of attachment
sites for iron ions. This could explain why iron oxides could not be observed on the surface
of RBC-600-N after modification. In conclusion, pyrolysis conditions of a higher tempera-
ture and oxygen-poor environment efficiently promoted the attachment of Fe>* /Fe?* onto
RBC during iron modification.
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3.3.2. XPS

XPS analysis was carried out to analyze the variation in functional groups for RBC-600
and Fe-RBC-600, which also determined the adsorption mechanism. For different kinds of
biochar, C 1s spectra were deconvoluted into four peaks at 284.6, 285.2, 286.7 and 289.2 eV,
which could be assigned to C-C, C-OH, C=0 and COOH, respectively (Figure 7) [44]. The
relative abundance of the components for RBC-600 before and after iron modification are
summarized in Table 5. The C 1s spectra analysis showed that the content of the C-OH
group in biochar decreased from 31.5 to 30.8% after iron modification; in contrast, the
content of the C=0 group increased from 10.1% to 11.2%. This suggested that the C-OH
group was involved in the modification process, for which C-OH might be converted to a
C=0 group, accompanied by the reduction of Fe3* into Fe?*, which could be interpreted
with the following reactions:

C-OH + Fe** — Fe?* + C=0 (11)

16000
14000

T
280 282 2

T
84 286 288 290 292 280 282 284 286 288 290 292

Binding energy (eV) Binding energy (eV)

(a) (b)

Figure 7. Deconvoluted C 1s spectra for RBC-600 (a) and Fe-RBC-600 (b).

Table 5. Relative abundance of the components from the deconvoluted C 1s spectra for RBC-600 and
Fe-RBC-600.

Relative Abundance of the Components (%)

c-C C-OH C=0 COOH
RBC 49.6 31.5 10.1 8.8
Fe-RBC 50.1 30.8 11.2 79

Meanwhile, the content of COOH decreased from 8.8% to 7.9% after iron modification,
probably due to the covalent bond of iron by deprotonated carboxyl groups and iron-
carboxyl band formation during modification [45]. Therefore, iron modification could be
achieved in RBC-600 owing to the existence of the O-containing functional groups that
served as iron-binding sites to promote the formation of various kind of iron oxides, and,
thus, increased the surface functionality of Fe-RBC-600.

Meanwhile, XPS spectra were also employed to analyze the chemical composition
and status of Fe-RBC-600 before and after nitrate adsorption and to explore the pathway
of nitrate removal (Figure 8). The peak positions of the iron element for Fe-RBC emerged
at 709.6 eV, 711 eV and 723.8 eV, 714.3 eV and 728.2 eV, corresponding to FeZ*, Fe-O of
O-Fe-OH, and Fe(Ill) of Fe;O3, respectively [46,47]. This allowed us to conclude that
FeOOH and Fe,; O3 were the most dominant forms of iron oxide covered on the surface of
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Intensity (a.u.)

Fe-RBC-600. FeOOH might have been formed through the interaction of chloride ions with
the surface of the hydrous ion in ferric chloride solutions [48]. The existence of Fe?* could
be explained by the reduction of Fe(IlI) to Fe(II) that occurred with the oxidation of amino
groups and the conversion of C-OH into C=0 during iron modification [49]. Therefore, the
positive surface of Fe-RBC-600 with a large amount of Fe?>* and Fe?* could adsorb nitrate
anions at the surface through electrostatic attraction. As Table 6 shows, the content of Fe?*
significantly decreased from 25.7% to 12.2% after nitrate adsorption, while FeOOH and
Fe;O3 increased from 36.0% and 38.3% to 42.0% and 45.8%, respectively. This might be
explained by the occurrence of a reaction between Fe?* and NO;-N, for which Fe?* might
have served as an electron donor between the Fe-RBC-600 surface and nitrate to accelerate
nitrate reduction.

2400 2150
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2250w %
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Binding energy (eV) Binding energy (eV)

(a) (b)
Figure 8. Fe2p XPS spectra of Fe-RBC-600 composite before (a) and after (b) nitrate adsorption.

Table 6. Relative abundance of the components from the deconvoluted Fe2p spectra for Fe-RBC-600
before and after nitrate adsorption.

Relative Abundance of the Components (%)

Fe2+ FeOOH Fe,03
Fe-RBC-600 25.7 36.0 38.3
nitrate-Fe-RBC-600 12.2 420 45.8

The N 1s horizontal spectra before and after nitrate adsorption were also analyzed.
The main peak of N 1s with a binding energy could be decomposed into three distinct
peaks at 399.10, 400.39 and 401.69 eV, which were quinone imine (-N=C), benzene amine
(-NH; or -NH) and protonated amine (-NH3" or -NH, "), respectively (Figure 9) [50]. After
adsorbing nitrate, the existence of a new peak at 408.6 eV was confirmed as the existence
of NO;™ (Figure 9b) [51]. As Table 7 shows, the percentage of positively charged nitrogen
atoms (-NH3* or -NH,*) in the composite after adsorption of NO3 ™~ had decreased from
0.16% to 0.01%, indicating that the protonated amine also played a main role in nitrate
removal. This might be attributable to the electrostatic attraction between the functional
groups of Fe-RBC-600 and nitrate [51].



Processes 2023, 11, 1740

13 of 16

Table 7. Relative abundance of the components from the deconvoluted N 1s spectra for Fe-RBC-600
before and after nitrate adsorption.

Relative Abundance of the Components (%)

~N=C -NH,/-NH -NH;*/-NH,* NO; -
Fe-RBC-600 20.8 483 30.8 0
nitrate-Fe-RBC-600 14.6 39.5 27.3 185
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Figure 9. N 1s XPS spectra of Fe—RBC—600 composite before (a) and after (b) nitrate adsorption.

3.3.3. Adsorption Mechanisms

The proposed adsorption mechanism is indicated in Figure 10. As shown in this
schematic, the hydrophobic surface and O-containing functional groups for RBC-600 could
be formed under the pyrolysis conditions of a higher temperature and oxygen-poor en-
vironment, which provided binding sites for Fe** /Fe?* attachment and reduction. The
formation of iron oxides increased the surface functionality of Fe-RBC-600 for nitrate ad-
sorption. Then, physical adsorption occurred between the nitrate ions and positive surface
of Fe-RBC-600, for which Fe** /Fe?* and protonated amine (-NHj3* or -NH,*) adsorbed
nitrate through electrostatic forces. Meanwhile, the reaction between Fe?* and NO3-N
also proceeded and played an important role in the nitrate adsorption process. It could be
concluded that nitrate adsorbed to Fe-RBC-600 through the coordination reaction, including
electrostatic attraction and chemical reduction, which occurred among the biochar, iron

element and nitrate.
FeCls : nitrate
modification % adsorption
—e—— *

o i COH o NH,*
c=0 " Y a g T
CH c=0 PR
O-H COOH Ao 0"/ \F 2 Fett o
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Figure 10. Mechanism of Fe-RBC-600 formation and nitrate adsorption process.
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4. Conclusions

In this study, Fe-RBC-600 was successfully synthesized as an adsorbent for the effective
removal of nitrate from aqueous solutions. Kinetic studies demonstrated that the adsorption
of nitrate on Fe-RBC-600 was in good consistency with the pseudo-second-order kinetic
model, indicating that chemisorption dominated the control step. The Langmuir isotherm
model was more suitable than the Freundlich model to fit the adsorption behavior of
Fe-RBC-600, and the Qux value for nitrate adsorption was 272.024 mg g~!. The FTIR
and XPS analyses of the mechanism indicated that a higher temperature and oxygen-poor
environment promoted the formation of a hydrophobic surface and O-containing functional
groups on biochar, which provided a large amount of binding sites for Fe** /Fe?* attachment
and, thus, increased the surface functionality of Fe-RBC-600. The iron oxides embedded in
the biochar exhibited a strong correlation with the enhanced nitrate adsorption property.
Nitrate anions could be physically adsorbed onto the positively charged surface of Fe-RBC-
600 in parallel with chemical reduction using Fe?*. Meanwhile, an electrostatic attraction
between protonated amine groups (-NH;3*/-NH; ") and nitrate anions also occurred during
the nitrate adsorption process. Studies towards investigating the pyrolysis conditions for
increasing surface functionality have great potential to enhance the adsorption property of
Fe-RBC-600 for nitrate.
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