- QA

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Remarkably Enhanced Phosphate Sequestration from Waters by
Biochar with High-Density Quaternary Ammonium Groups

Yan Li, Lili Dong, Xingyu Ren, Hao Liu, Chenjia Zhang, and Shunli Wan*

Cite This: ACS Omega 2024, 9, 20119-20128 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: A new biochar (N-BC) was fabricated by incorporat-

ing high-density positively charged quaternary ammonium groups

into the pristine biochar without any adsorption for phosphate. N-BC SN
can highly efficiently remove phosphate with an optimal pH of 5.0,a 7 - emen,
maximum experimental adsorption capacity of 30 mg of P/g, and an
adsorption equilibrium time of 180 min. The predicted pore diffusion
coefficient D (the diffused surface area of the adsorbate for unit time)

OH CH,CH,

for phosphate adsorption by N-BC was 5.3 X 107 ¢cm?/s. N-BC can " gy

still capture phosphate in the copresence of anion CI™ with a molar ™ > T

concentration 50 times that of phosphate. The exhausted N-BC was :;'“"‘p'““e ‘ s g3
uaternary ammonium grouj B~

completely regenerated using a 10 wt % NaOH solution and further 2 o0, .co o |

reused without any observable loss in adsorption capacity. Moreover, LI

€, (mg/t)

N-BC yielded ~324 bed volumes (BV) of wastewater containing 1
mg P/L phosphate and SO mg/L CI~ before breakthrough occurring (<0.1 mg P/L in effluent) in a fixed-bed column operation
system. The introduced quaternary ammonium groups covalently bound to biochar played a dominant role in phosphate
sequestration by N-BC through forming the out-sphere complexation with phosphate. All results imply that it is of promising
prospect for N-BC practical application for phosphate purification from waters. The present study provided a new strategy to expand
the application of biochar, usually serving as an adsorbent for cationic pollutants, to the purification of anionic pollutants such as
phosphate from waters.

1. INTRODUCTION the past decade, a variety of adsorbents had been exploited for
phosphate retention, such as biomass,16 metallic oxides,”

Phosphorus, an indispensable nutrient for aquatic ecosystems, e 510
biochar,”” and polymers.””

has been generally acknowledged as the chief culprit in

undesirable eutrophication.l_3 Meanwhile, it is also a scarce Biochar, a carbon-rich porous solid with unique properties
and nonrenewable resource.® As a result, the removal and including great physicochemical stability, low cost, and wide
recovery of phosphorus are always a widely concerned availability as well as achieved carbon sequestration has
environmental focus. Phosphate is the dominant species of enjoyed great popularity in various fields in virtue of its
phosphorus in water, also the most easily assimilated by multiuse, e.g, adopted as capacitors, catalyst supports,zo_22
autotrophs.” Currently, numerous techniques including chem- and adsorbents. It originated from the thermal decomposition
ical precipitation,6 adsorption,7’8 and biological processesg’IO of biomass, such as oak wood, rice husk, pine, corn straw,
have been developed for phosphate removal from waters. soybean straw, and peanut straw, in a reactor with little or no
Among them, chemical precipitation and biological processes available air and at moderate temperatures (usually lower than
achieved wide field applications because of their convenient 700 °C).>* During pyrolysis, a considerable amount of oxygen-
operation and relatively low cost.'""'* However, with the ever- containing functional groups such as hydroxyl and carboxyl
stringent emission standard of phosphorus (e.g,, 0.5 mg of P/g groups is generated.”””> These negative groups can form out-

for municipal drainage), these conventional techniques are
difficult to be competent for the efficient removal of phosphate
at such a low level. Moreover, a mass of byproduct sludge
needs appropriate disposal, otherwise it easily generates
secondary pollution.'”"® In comparison, adsorption has ) :
brought about increasing attention to phosphate decontami- Revised: Apr¥1 4, 2024
nation from waters because of the cleaner process and more Accepted: Apr}l 18, 2024
suitable for sequestrating phosphate at low concentrations."* Published: April 26, 2024
More attractively, it is considered that adsorption is an effective

way to recycle phosphorus resources from the effluents.> Over

sphere complexation with numerous cations, making biochar
an increasingly attractive adsorbent for decontamination of
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Figure 1. Schematic fabrication procedures of the as-obtained N-BC.
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cationic pollutants (e.g., heavy metals) in the water treatment
field.”® In recent years, some attempts were made to expand
the application of biochar as an adsorbent to the cleanup of
anionic contaminates like phosphate, but outcomes were
poor.”” For example, peanut shell-based biochar only obtained
a predicted adsorption capacity of 6.79 mg/g for phosphate;**
however, maize straw and rice husk-based biochar had almost
no adsorption for phosphate in waters.”” The Coulomb
repulsion resulting from the negative surface of biochar is the
primary cause for the paralyzed adsorption of biochar to
anionic contaminants. Therefore, it would be feasible to
enormously boost the biochar adsorption toward anionic
pollutants such as phosphate by changing the biochar surface
to a positively charged one.

The introduction of amine groups such as the quaternary
ammonium group is a conventional practice to enhance the
surface electropositivity of materials.” For example, the surface
of biomass (e.g,, wheat straw and corn staw)®'~>* had been
successfully changed to a positively charged one by grafting
quaternary ammonium groups by means of the combined
processes of oxidation, etherification, and quaternization in
sequence. As a consequence, the modified biomass exhibited
impressive adsorption toward phosphate in waters, as
expected.””* Therefore, it is considered that this strategy
should also be competent for the preparation of positively
charged biochar for phosphate adsorption.

The main objective of the current study is to prepare a
positively charged biochar with high adsorption capacity and a
stable regenerable property for phosphate removal from
contaminated waters. The resultant adsorbent, a positively
charged biochar (N-BC), was synthesized by processing the
pristine biochar in accordance with the sequence of oxidation,
etherification, and quaternization. The adsorption performance
of phosphate on N-BC was examined as a function of the pH
effect, the impact of coexisting substances, isotherm, and
kinetics. Moreover, the adsorption mechanism was also
uncovered with the help of Fourier transform infrared
spectrometry (FTIR) and X-ray photoelectron spectroscopy
(XPS) analysis. In addition, the practical application feasibility
of N-BC for phosphate decontamination was further
investigated by carrying out fixed-bed adsorption experiments

20120

by employing a challenging synthetic phosphate-polluted

wastewater as a feeding solution.

2. MATERIALS AND METHODS

2.1. Materials. All chemicals were purchased from Aladdin
Industrial Corporation except for humic acid (HA) that was
provided by Aldrich-Sigma. These chemicals were analytical
reagent grade (AR) or better and directly used without any
pretreatment. A 1000 mg/L phosphate stock solution was
obtained by dissolving KH,PO, into ultrapure water with
resistivity higher than 18.25 MQ-cm. It was subjected to a
stepwise dilution for further experimental uses. Corn stalk
(CS) was used as the precursor for biochar and acquired from
the farmland in Huangshan City, China. The compared
adsorbent D201, a commercial phosphate adsorbent, was
derived from Zhejiang Zheng Guang. Co., Ltd. D201 was
covalently bound with abundant quaternary ammonium
groups, i.e., —N*(CH;);, with a BET surface area of ~10.5
m?/ g and an average pore diameter of 24.8 nm.

2.2. Synthesis of N-BC. Figure 1 illustrates the graphic
route of the N-BC fabrication. As depicted, the preparation
process can be divided into two procedures, ie., the
production of the pristine biochar (BC) and the following
modification. In detail, the raw biochar was produced from the
pyrolysis of CS in the atmosphere of Ar according to the
conventional technique of biochar preparation™ with a
maximum holding temperature of 400 °C and a heating rate
of 15 °C/min. Subsequently, the as-obtained BC of 1.0 g was
immersed into the HNO; solution of 60% in volume ratio,
followed by nonstop stirring for 1 h at 80 °C. The oxidization
of HNO; can introduce abundant hydroxyl groups covalently
bound to biochar. The solids were then fetched out and
washed until around neutral pH and immediately swollen for 4
h in N,N-dimethylformamide (DMF) solution. After that, a
predesigned amount of epichlorohydrin was dropwise injected
into the solution along with continuous agitation for 2 h at 80
°C, and then a small amount of ethanediamine was instilled,
accompanied by constant stirring for 1 h. During this process,
the added epichlorohydrin reacted with hydroxyl groups to
form epoxy groups covalently bound to the biochar through
etherification. Afterward, triethylamine was dripped into the
above solution, followed by continuous stirring for another 2 h.

https://doi.org/10.1021/acsomega.3c10526
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Figure 2. (a) SEM image of N-BC, (b) TEM image of N-BC, and (c) the { potential analysis of N-BC and the pristine BC.

The added triethylamine reacted with epoxy groups to form
quaternary ammonium groups that were covalently bound to
biochar through quaternization. After all of the procedures, the
biochar was filtered out from the solution and subjected to
alternate flushing by HCl, NaOH, and ethanol solution. The
solids were further desiccated at 60 °C until they reached the
constant mass, and then, N-BC with high-density quaternary
ammonium groups was obtained. The resultant N-BC was
crushed into particles of 0.15—0.25 mm prior to use.

2.3. Batch Adsorption Experiments. On the frequently
used bottle-point method, the batch experiments were carried
out in 100 mL Erlenmeyer flasks. In brief, 0.01 g of N-BC or
D201 was immersed into Erlenmeyer flasks containing SO0 mL
of solution of phosphate at a preset level. The solution pHs
were adjusted to desired values using HCI or NaOH solutions
of different concentrations. The impact of coexisting
substances was investigated by employing Na,SO,, NaNO;,
Na,CO;, NaCl, and HA as interfering substances. The
prepared flasks were fastened in a thermostatic orbit incubator
equipped with a gas bath and oscillated for 24 h at 180 rpm
and 298 K. The time of 24 h was proven to be sufficient for
achieving the adsorption equilibrium based on the preliminary
kinetic experiments. In the kinetic experiment, 0.5 mL of the
supernatant was taken out at predetermined time intervals to
detect the concentration of phosphate. According to the
principle of mass balance, the adsorption capacity as well as the
removal rate of the targeted pollutant was acquired.

2.4. Fixed-Bed Column Tests. The device of the fixed-
bed column is illustrated in Figure SI. In fixed-bed column
experiments, a 5 mL aliquot of wet N-BC or D201 was first
packed within the glass column (12 mm in diameter and 130

mm in length) equipped with a water bath to maintain the
desired temperature. Then, the feeding solution passed
through the bed of the adsorbent from top to bottom with a
constant flow rate controlled by a speed-adjustable Lange-580
pump (Baoding, China). The effluents were gathered using an
automatic partial collector, and phosphate content was
analyzed at desired intervals of bed volumes (BV). After the
breakthrough, the exhausted adsorbent was subjected to in situ
regeneration by the 10 wt % NaOH solution. The components
of phosphate-containing wastewater and regenerant, as well as
the operation parameters, were presented in the caption of the
related figure.

2.5. Analyses and Characterization. On the basis of the
molybdenum blue spectrophotometric method, the phosphate
level was detected using the UV/vis spectrometer (T6,
PGENERAL, China). The specific surface area and the average
pore size of N-BC were obtained by employing the
Micromeritics ASAP2020 instrument. The morphology and
structure of N-BC were observed through a scanning electron
microscope (SEM, S-3400N, Japan) and a transmission
electron microscope (TEM, Tecnai G2 F30 S-Twin, Holland)
equipped with a field emission gun at 200 kV. { potentials of
N-BC and the pristine biochar were measured by employing a
Malvern Zetasizer Nano ZS90. FTIR spectra of N-BC before
and after phosphate adsorption were collected using Fourier
transform infrared spectroscopy (Nicolet 6700) in the
wavenumber range of 400—4000 cm™'. The interaction of N-
BC and phosphate was probed with the aid of X-ray
photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD,
Japan) according to well-established methods with Al Ka
irradiation as the excitation source. The C 1s peak located at

20121 https://doi.org/10.1021/acsomega.3c10526

ACS Omega 2024, 9, 20119-20128


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c10526/suppl_file/ao3c10526_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10526?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10526?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10526?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10526?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

284.8 eV was employed to adjust the as-acquired binding
energies, and the profile-fitting program XPSPEAK4.1
(Raymund W.M. Kwok, Hong Kong) was used to process
the collected data.

3. RESULTS AND DISCUSSION

3.1. Characterization of N-BC. The resultant material N-
BC has a similar appearance including shape and color as the
pristine BC, according to Figure S2. From SEM and TEM
images of N-BC in Figure 2a,b, it can be observed that there
are abundant microsized holes in the skeleton of N-BC, and
the surface of N-BC is uneven. After modification of BC, there
is a slight increase in the average pore size and specific surface
area, i.e., 17.6 nm and 6.2 m*/g for N-BC and 16.3 nm and $.8
m?*/g for BC, respectively. Moreover, the pores of N-BC are
mainly micropores and mesopores, according to the pore
distribution curve in Figure S3. The { potential profiles of BC
and N-BC are compared in Figure 2c. As illustrated, the
consistently negative { potential of the pristine BC in the
tested pH range of 2.0—12.0 indicates that its surface is
negatively charged, brought about by the self-attached oxygen-
containing groups like hydroxyl and carboxyl groups.
Comparatively, the { potential values of the as-obtained N-
BC (from 25.3 to 15.8 mV) are always greater than zero,
suggesting a highly positively charged surface. It can
preliminarily be seen that the quaternary ammonium groups
were successfully introduced into biochar as expected. From
the compared FTIR spectra of BC and N-BC in Figure S4, it is
clear that a sharp peak located at the wavenumber of ~1384
cm™' occurs, assigned to the vibration of the quaternary
ammonium groups (ie., the presence of quaternary ammo-
nium-type nitrogen).”> It further confirms the successful
incorporation of the desired quaternary ammonium functional
groups in N-BC.

3.2. Effect of Solution pH on Phosphate Adsorption.
The adsorption process usually changes greatly with varying
solution pH values on account of the transformations of the
present species of the adsorbate and the chemical properties of
the adsorbent. Given this, the effect of solution pH on
phosphate sequestration by N-BC was examined, and the
results are shown in Figure 3. As depicted, in the listed pH
range of 2.0—12.5, phosphate removal onto N-BC was
obviously associated with solution pH, and the optimal pH
was around 5.0. Specifically, at the right of optimal pH,
phosphate removal continuously decreased with the increased
solution pH, and the adsorption capacity decreased to near 1.5
mg/g at pH 12.5. It should be put down to the ever-decreasing
electropositivity of N-BC with the increased pH (favored by
Figure 2c). That is, the interaction between N-BC and the
negative phosphate constantly declined. Unexpectedly, at the
left of optimal pH, phosphate adsorption also dropped with the
pH decreasing, which is supposed to be ascribed to the
transformation of the dominating phosphorus species from
negative H,PO,” to neutral H;PO, (Figure SS). In other
words, with pH declining, the { potential of N-BC increases
and the electrostatic attraction of N-BC to the negative
phosphate ion also strengthens, but more and more negative
H,PO,” transforms into neutral H;PO,, which cannot be
adsorbed on N-BC by electrostatic attraction. On the basis of
the aforementioned results, it is speculated that N-BC can be
efficiently used for the cleanup of phosphate-containing
wastewater of pH 3.0—9.0; moreover, the adsorbed phosphate
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Figure 3. Effect of pH on phosphate adsorption by N-BC.
Conditions: C, (phosphate) = 5 mg P/L, sorbent dose = 0.2 g/L,
and temperature = 298 K.

on N-BC can be effectively eluted and recycled using alkali
solution.

3.3. Influence of the Coexisting Substances on
Phosphate Adsorption. Naturally occurring anions such as
Cl7, NO,~, SO,*, and CO;*" usually generate great
interference in the adsorption of phosphate. Herein, the
influence of these anions on phosphate adsorption by N-BC
was evaluated with D201 as a reference, and the results are
presented in Figure 4a. As shown, when coexisting anions in
solution were steadily increased, phosphate removal on both
N-BC and D201 was impacted to varying degrees. For
instance, increasing the molar concentrations of CI7, NO;",
SO,*", and CO5*™ from 0 to 50-fold of phosphate (0.06 mmol
P/L) resulted in drops of ~72, 84, 100, and 100% in
phosphate adsorption capacities on N-BC, respectively. In an
identical dosage of D201 (weight) as N-BC, the drops for
D201 were ~85, 100, 100, and 100%, respectively. Though
phosphate adsorption onto N-BC suffered a great shock in the
presence of ultrahigh levels of C17, NO;”, and especially CO;*~
and SO,*7, it was still comparable to or even superior to that of
D201, a well-accepted prominent adsorbent for phosphate
capture from waters. This suggests that the interaction of
phosphate and N-BC was similar to that for phosphate and
D201, that is, the nonspecific out-sphere complexation (i.e.,
Coulomb attraction). The underlying mechanism was probed
with the aid of FTIR and XPS analysis and is further
expounded in the subsequent section. The greater influence of
CO4*>” and SO,* over CI” and NO;~ on phosphate
adsorption by the two adsorbents was attributed to their
higher valence, that is, the greater Coulomb attraction with N-
BC. Dissolved organic matter (DOM) in waters is also a great
challenge for phosphate removal through the adsorption
technique. Thus, the impact of humic acid (HA), a
representative DOM, on phosphate adsorption by N-BC and
D201 was investigated. The results in Figure 4b show that the
introduced HA nearly paralyzed phosphate adsorption on the
two adsorbents, in line with our expectations. Visibly, if the
highly efficient application of N-BC for cleaning the real
phosphate-polluted wastewater including NOM and anions of
high valence is to be achieved, some specific binding sites for

https://doi.org/10.1021/acsomega.3c10526
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Figure 4. (a) Comparison of the impact of CI~, NO;~, SO,>~, and CO;*" at different levels on phosphate adsorption by N-BC and D201, and (b)
the effect of HA on phosphate uptake by N-BC and D201. Conditions: C, (phosphate) = 2 mg P/L, sorbent dose = 0.2 g/L, pH = 4.5 + 0.5, and

temperature = 298 K.
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Figure S. (a) Adsorption isotherms of phosphate onto N-BC (at S, 25, 45 °C), BC, and D201 (at 25 °C), (b) the fitting of phosphate adsorption

kinetics onto N-BC and D201 by pseudo-first- and pseudo-second-order

models, (c) the fitting of phosphate adsorption kinetics onto N-BC and

D201 by the intraparticle diffusion model, and (d) the fitting of phosphate adsorption kinetics onto N-BC and D201 by the model based on Fick’s
law. Conditions: C, (phosphate) for (b, ¢, d) = 8.5 mg P/L, sorbent dose = 0.2 g/L, pH = 4.5 + 0.5, and temperature = 298 K.

phosphate need to be introduced into N-BC, such as
impregnating metallic oxides.

3.4. Effect of Temperature on Phosphate Adsorption
and Adsorption Kinetics. Figure Sa depicts the effect of
temperature on phosphate retention by N-BC, with D201 and
the pristine BC as a reference. It can be found that phosphate
adsorption by N-BC was generally temperature-dependent,

201

and increasing temperature from 5 to 45 °C was generally
favorable for phosphate sequestration. The maximum exper-
imental adsorption capacity of phosphate per gram of N-BC at
25 °C was ~30 mg of P, slightly lower than that of per gram of
D201 (31.35 mg of P) but apparently greater than that of other
biochar-based adsorbents (Table S1). It was expected that the
pristine BC had no observable adsorption toward phosphate

23 https://doi.org/10.1021/acsomega.3c10526
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due to the electrostatic repulsion of the negatively charged
oxygen-containing groups covalently bound to BC toward the
anionic phosphate.

The adsorption kinetics of phosphate by N-BC was also
examined with D201 serving as a contrast, and the results are
presented in Figure Sb. As shown, phosphate adsorption by
both N-BC and D201 (identical weight in solution) was
relatively rapid and approached equilibrium at approximately
180 min. Two classic kinetic models, i.e, pseudo-first- and
pseudo-second-order models,**® were first provided to
predict the kinetics data.

In( ) =1 5 t
n(q — =Ilngq —
"% %™ 2303 (1)
kzqezt
4= ————
tkyg, + 1 (2)

Here, q. and g, (mg/g) represent the adsorption capacities of
the adsorbate at equilibrium and at time ¢ (min), respectively.
k, and k, (mg/g:min~"/?) denote the first- and second-order
adsorption rate constants, respectively. From Figure Sb, it can
be seen that phosphate adsorption kinetics onto both N-BC
and D201 is in good agreement with the pseudo-second-order
model of the related coeflicient higher than 97%. According to
the fitting results, the phosphate adsorption process seemingly
consisted of two stages, that is, the rapid adsorption phase
approximately from 0 to 60 min and the slow one from about
60 to 180 min. This is a typical intraparticle diffusion pathway.
Consequently, the phosphate adsorption kinetics was also
described by the intraparticle diffusion (IPD) model,”” and the
fitting profiles are presented in Figure Sc.

— /
q, = kt'? + C (3)

Herein, q, (mg/g) is the amount of adsorbed phosphate at
time t (min), k; is the diffusion rate (mg/g-min™"/?), and C
denotes the intercept. As shown, the IPD model excellently
predicted the adsorption kinetics of phosphate; moreover, it
precisely distinguished the aforementioned two stages. These
two steps should represent the directed migration of phosphate
from the solution to the outer surface of N-BC or D201 and
the following diffusion to the binding sites across the pore
channel, respectively. Obviously, the second phase diffusion,
i, the pore diffusion, was the rate-controlling step of
phosphate adsorption by N-BC and D201. The higher
diffusion of D201 than that of N-BC (1.09 vs 0.64 mg/g:
min~"?) in the second stage was caused by its greater pore
diameter of 24.8 nm compared to that of N-BC (13.4 nm).
As for the IPD-controlled adsorption process, another
kinetic model based on Fick’s second law’® can usually be
used to quantify the effective coefficient of pore diffusion (D).
Herein, phosphate adsorption kinetics was further predicted
using this model by assuming that N-BC was a perfect sphere.

0 9> 0
_q=D[_q+3_q]

ot o’ r or (4)

Here, q (mg/g) represents the adsorbed amount of phosphate
at time t (min), and r denotes the radial coordinate. In the
present kinetics test, the solutions for the above equation at the
initial and boundary conditions are shown as follows

q(0) =0(0 < r < a) (3)

i)

<L =0(r=0)

0, (6)
a

% 3DM _ _Vg(r: 2)

ar at (7)

wherein M (g) and V (L) denote the mass of the adsorbent
and the volume of the solution, respectively. a (mm) denotes
the average size of the adsorbent, which is 0.2 and 0.75 mm for
N-BC and D201, respectively, obtained from the statistical
analysis of their typical optical microscope photographs. At
adsorption equilibrium, the solution for eq 4 is as follows.

6a(a + l)exp(—anzt/az)
9+ 9a + qnzoc2 (8)

e n=1

In which g, (mg/g) is the adsorption capacity of phosphate
at equilibrium, and o is a variable denoting the ultimate
fractional capacity of phosphate, which can be calculated based
on the following equation.

Mg, 1
V,C, a+1 (9)

In which V; (L) and C, (mg/L) represent the initial volume
of the solution and phosphate concentration, respectively. g,, is
a predesigned variable gained by the following equation.

3qn

tan = —
I 3+ aqnz (10)

The solution for the above equation can be acquired
according to the bisection method in the given intervals.

The amount of phosphate in the solution/adsorbent at
different times can be easily gained on the basis of the mass-
balance principle. Through constantly changing D values, the
optimal fitting results for phosphate adsorption kinetics on N-
BC and D201 were generated (Figure Sd). The predicted D
values of N-BC and D201 are 5.3 X 107 and 4.2 X 1078 cm?/s,
respectively. Compared to N-BC, D201 possessed a greater D
value owing to its higher average pore size, which is consistent
with the aforementioned result. For comparison, phosphate
diffusivity in aqueous solution (D,) was also calculated based
on the Stock—Einstein equation as follows.

KT
° 6muR, (11)

In which kg (J/K) corresponds to the Boltzmann constant,
1.38 X 107 J/K, u (N-s/m?) is the water viscosity, 8.9 X 107*
N-s/m?” at 25 °C, R, (nm) denotes the ion radius of phosphate,
0.2 nm, and T (K) represents the temperature in Kelvin, 298
K. After necessary calculation, the D, value of phosphate was
determined to be 1.23 X 107> cm?/s, much higher than the D
values of its diffusion in the pore region of N-BC and D201.
This is in accordance with the above-mentioned IPD fitting
results; that is, phosphate diffusion in solution is much quicker
compared to that in pores of adsorbents. It should result from
the abundant micro- and mesopores inside N-BC or D201
impeding the diffusion of phosphate because of space
confinement.

3.5. Fixed-Bed Column Adsorption Experiment. Fixed-
bed column adsorption experiments are appropriate to
investigate the application feasibility of the adsorbent with
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Figure 6. Breakthrough profiles of the fixed-bed packing N-BC and D201 with the synthetic phosphate-polluted wastewater as feeding solution, (b)
the regeneration curves of the exhausted N-BC, and (c) the adsorption—desorption cycles of the resultant N-BC. Conditions for (a): the SLV and
EBCT are 0.44 m/h and 31 min, respectively, and temperature = 298 K. The main composition of feeding solution: C, (phosphate) = 1.0 mg P/L,
Co (CI7) = 50 mg/L, and pH = 6.0 + 0.2. Conditions for (b): the SLV and EBCT are 0.04 m/h and 313 min, respectively, and temperature = 298
K. The main composition of the regenerant: 10% NaOH. Conditions for (c): C, (phosphate) = 8 mg P/L, sorbent dose = 1.0 g/L, pH for

adsorption = 6.0 + 0.2, and temperature = 298 K.

good hydraulic characteristics in a real scenario. As a
consequence, the fixed-bed column tests of N-BC and the
contrast D201 for decontaminating the phosphate-containing
wastewater including the coexisting substances were operated,
and the breakthrough curves are presented in Figure 6a. Of
note, the added wet volume of N-BC and D201 in two
columns is identical, i.e.,, S mL. As shown, in the presence of
only CI” in influent, the N-BC column can generate ~598 BV
effluents of the phosphate level lower than 0.5 mg P/L, i.e., the
breakthrough point, whereas that of D201 was only ~374 BV.
When the breakthrough point was set to 0.1 mg P/L, the
effective treatable volumes of N-BC and D201 columns were
~324 and 140 BV, respectively. In the initial 202 BV, the N-
BC column even brought down phosphate concentration from
1.0 to below 0.01 mg/L, i.e., almost 99% removal rate. On the
whole, compared to D201, N-BC exhibited a more excellent
treatment ability of phosphate-contaminated wastewater, in
accordance with the aforementioned results in Section 3.3. In
Figure S6, when introducing NO;~, SO,*, HCO; , CO32_,
and HA into influent, the N-BC column yields only ~50 and
72 BV effluents with breakthrough points of 0.1 and 0.5 mg P/
L, respectively, owing to the tremendous interference of these
coexisting substances. Moreover, the exhausted N-BC could be
effectively regenerated using a wt % NaOH solution of only 10

BV with a desorption rate of more than ~98%; more
importantly, more than 80% desorption was yielded in the
initial 3 BV (Figure 6b). To examine the reusability of N-BC, a
batch experiment of adsorption—desorption cycles was carried
out, and the results are recorded in Figure 6c. It can be
discovered that the adsorption capacity of N-BC to phosphate
has no perceptible decline after seven adsorption—desorption
cycles, and the desorption rate of every cycle was near ~100%.
It suggests that N-BC can achieve repeated use for phosphate
removal. It is visible that N-BC is a candidate of great potential
for application in decontamination of phosphate-laden waste-
water.

3.6. Adsorption Mechanism. As discussed earlier, we
speculated the nonspecific out-sphere complexation of the
quaternary ammonium groups and phosphate dominated the
phosphate retention by N-BC. To further figure out the
underlying mechanism, FTIR and XPS analyses of N-BC
before and after phosphate loading were performed, and the
results are shown in Figure 7. As depicted in Figure 7a, for N-
BC, the peaks located at 3440 and 1384 cm™" corresponded to
the O—H stretching vibration of the physically bound water
and the vibration of the quaternary ammonium groups,
respectively. After phosphate loading, a new peak at ~1048
cm™} assigned to the stretching vibration of P—O or O—P-0
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Figure 7. (a) FTIR spectrum of N-BC before and after phosphate adsorption, (b) full XPS spectrum of N-BC before and after phosphate
adsorption, and (c) XPS spectrum of N 1s for N-BC with and without phosphate adsorption.
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Figure 8. Adsorption mechanism of phosphate onto N-BC.

appeared accompanied by an obvious decline in peak intensity ammonium groups covalently bound to N-BC played a
of 1384 cm™. This clearly implies that the quaternary dominant role in phosphate capture.
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Figure 7b shows that after phosphate adsorption, the binding
energy of the new P 2p characteristic peak for N-BC located at
133.8 eV, which was identical to that of NaH,PO,, suggesting
that phosphate was adsorbed through nonspecific affinity, i.e.,
the electrostatic attraction of the quaternary ammonium
groups in N-BC. The high-resolution N 1s spectrum in Figure
7¢ describes that before phosphate loading, N 1s spectra of N-
BC were divided into four main peaks placed at 398.9, 399.9,
400.8, and 401.5 eV, denoting pyridinic N, pyridonic N,
pyrrolic N, and quaternary N (eV), respectively.”” Never-
theless, after phosphate loading, there are no perceptible
changes in the position and proportion of the four peaks, also
indicating the nature of the nonspecific binding of phosphate
onto N-BC. O 1s spectra of N-BC in Figure S7 shows that
except for a newborn peak of the P—O group, the position of
other O 1s peaks has no change. Based on this discussion, the
adsorption mechanism of phosphate onto N-BC is schemati-
cally shown in Figure 8.

4. CONCLUSIONS

In summary, a new adsorbent N-BC for highly efficient
phosphate removal was exploited by introducing abundant
positively charged quaternary ammonium groups into the
pristine BC without any phosphate adsorption. The as-
prepared N-BC exhibited high adsorption capacity, great
speed, and satisfactory anti-interference ability for phosphate
sequestration, generally comparable to the widely used
phosphate adsorbent D201. Moreover, N-BC was successfully
applied in a fixed-bed column for the effective decontamination
of phosphate-polluted wastewater. In addition, saturated N-BC
could be thoroughly regenerated and reused without any
perceptible capacity loss. This study tremendously expanded
the application of biochar, which usually serves as an adsorbent
for cationic pollutants, to the purification of anionic pollutants
such as phosphate.
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