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Enhanced phosphate sequestration by Fe(m)
modified biochar derived from coconut shellf
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In this work, a novel Fe-modified coconut shell biochar (Fe-CSB) was synthesized and utilized to remove

phosphate from aqueous solution. Characterization results confirmed that the iron in the Fe()-

impregnated CSB existed mainly in the amorphous phase, as ferrinydrite and amorphous hydroxide,
which substantially enhanced the phosphate adsorption. Batch experiments indicated that phosphate
adsorption on the Fe-CSB was highly dependent on the pH, the humic acid, and temperature, while it
was less affected by the nitrate. Phosphate adsorption by the CSB and Fe-CSB could be well described

by the pseudo n-th order and Langmuir—Freundlich models. The fitting of the experimental data with the

intra-particle diffusion model revealed that surface adsorption and inner-sphere diffusion were involved

in the phosphate adsorption process, and that the latter was the rate-controlling step. Batch adsorption

experiments and post-adsorption characterization results revealed that the phosphate adsorption by Fe-
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CSB was primarily governed by four mechanisms: ligand exchange, electrostatic attraction, chemical

precipitation, and inner-sphere complexation. This work demonstrated that the modified Fe-CSB is an
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1. Introduction

Over the past four decades, China has witnessed huge changes
in industrialization, urbanization, and intensive animal
production. Consequently, numerous cities are facing urgent
urban water environmental issues, such as non-point source
pollution, contamination of surface and ground waters, as well
as the functional changes of aquatic ecosystems.™ To improve
the quality of the urban aquatic environment and reduce the
adverse impacts of contaminated water bodies on the environ-
ment and public health, numerous wastewater treatment plants
have been constructed and are being operated for the removal
of nutrients (e.g. carbon, nitrogen and phosphorus) from most
wastewaters. However, the nutrients deriving from non-point
sources, such as stormwater runoff, are still not successfully
controlled. Consequently, the ever-increasing of nutrient
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environmentally friendly and cost-effective bioretention medium and could open up new pathways for
the removal of phosphorus from stormwater, as well as solve the problem of waste biomass pollution.

loading in urban water bodies has posed a serious threat to the
urban aquatic ecosystem.

In recent years, stormwater has been identified as an impor-
tant source of phosphorus (P) and nitrogen (N) pollution, and the
loading of nutrients (N and P) into urban water bodies has
markedly intensified.* Due to widespread urbanization, the
retention functions of pollutants by urban watersheds had
declined greatly," whereas the nutrient influxes via stormwater
runoff continue to increase, thus leading to the deterioration of
water quality and the decline in biodiversity in the aquatic envi-
ronment.*® Phosphorus is a limiting nutrient for the growth and
metabolism of aquatic animals and plants and is also an
important indicator of water quality and of the health of aquatic
ecosystems.” One of the main issues concerning water quality is
represented by eutrophication with dense algal blooms, which
causes high turbidity and low dissolved oxygen. The reduction of
human-induced P input is the key to counteract eutrophication
in polluted water bodies. Consequently, it is becoming essential
to explore effective technologies to eliminate phosphorus from
stormwater runoff prior to its discharge into urban surface water.

A bioretention system is an extensively applied stormwater
best management practice to control the runoff quantity and
improve water quality in urban areas.® However, P removal by
bioretention system is highly variable and unstable, mainly due
to their low capacity and the weak stability of P adsorbed on the
filter media of the bioretention tanks, which results in high
phosphorus leaching in the bioretention effluent.>*® Therefore,
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enhanced phosphate removal via novel filter media within
bioretention has been widely investigated and the application of
effective, low-cost materials for phosphate removal has received
great attention. Examples of the different materials used to
remove P from water include: fly ash,** red mud,** waste-tail-
ings,” and metal oxides," however, many of these materials
exhibit poor sorption, capacity and selectivity, as well as
potential toxicity. Therefore, the investigation of low-cost, eco-
friendly materials with high specific surface area, open pore
structure and high adsorption capacity may offer significant
advances for urban runoff control.

In recent years, biochar and modified biochar have been
widely recognized as environmentally friendly and low-cost
adsorbents for the removal of various contaminants (heavy
metals, organic compounds and nutrients) from aqueous
solutions.""” Nevertheless, the improvement of P adsorption in
bioretention system that employ biochar, especially Fe(ur)
decorated biochar, has been seldom investigated, and the
sorption mechanisms need to be further addressed.

In this work, a promising adsorbent for phosphate adsorption
was synthesized by introducing Fe(ur) hydroxide into coconut
shell biochar (CSB). The main objectives were to: (1) prepare the
Fe(ur) hydroxide impregnated porous biochars and evaluate the
characteristics of phosphate uptake by the CSBs using adsorption
kinetics and isotherms; (2) investigate the effects of temperature,
PH values and coexisting compounds on phosphate adsorption
capability; (3) explore the underlying mechanism of phosphate
adsorption by the CSBs with a combination of scanning electron
microscopy (SEM), X-ray diffraction (XRD), and Fourier transform
infrared spectroscopy (FTIR), etc.

2. Materials and methods

2.1. Chemicals and materials

The coconut shell biochar (CSB) used in the study was
purchased from Guangdong, China. After washing with deion-
ized water (DI) to remove impurities (mainly residual ashes), the
biochar was oven-dried (70 °C) and passed through a 1 mm
sieve and sealed in a container prior to use. The characteriza-
tion of the CSB used is listed in Table 1. Phosphate solutions
were prepared by dissolving potassium phosphate monobasic
(KH,PO,4, =99.5%) in DI water. Ferric chloride (FeClz, =99.0%)
and all the other reagents were above analytical grade, and were
purchased from Sinopharm Chemical Reagent Co. Ltd.

2.2. CSB modification

One portion of pretreated CSB particles was immersed in
0.5 mol L " FeCl; solutions at 80 °C for 6 h, and the initial pH of

Table1 Chemical composition of the CSB and Fe-CSB
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solution was adjusted to 7.0 using 0.1 mol L™ HCI and NaOH.
After washed with DI water to no precipitation (using 1 mol L™*
NaOH solution to detect the filtrate), the modified CSB particles
were dried at 105 °C for 12 h and stored for use. The resulting
biochar sample was henceforth referred as Fe-CSB. The physi-
cochemical properties of the Fe-CSB are summarized in Tables
1 and 2.

2.3. Adsorption kinetics and isotherms

For the sorption kinetics experiments, 0.05 g adsorbent (CSB or
Fe-CSB) was added in 20 mL phosphate solution, and the initial
concentration was 20 mg L', 0.02 mol L™ KCI was used as
a background electrolyte. The pH was adjusted to 7.0 using
0.1 mol L™" HCI or NaOH. The sealed vials were placed in
a mechanical shaker bath at 25 + 1 °C, shaken at 150 rpm.
Samples were drawn periodically for phosphate concentration
analysis.

The phosphate sorption isotherms on the CSBs were studied
by adding 0.05 g CSB or Fe-CSB to 20 mL phosphate solutions
with a series of initial concentrations (2-100 mg L™ ') in the
sealed vials. The sealed vials were then shaken in an incubator
shaker with thermostat at 25 £ 1 °C under 150 rpm for 24 h. The
samples were periodically drawn and filtered through a 0.45 pm
membrane. Besides, the pH of mixtures was maintained at 7.0.
Control experiments without CSB and Fe-CSB result in less than
5% loss of P.

2.4. Effects of initial pH, temperature and coexisting matters

In a test procedure similar to the above, different initial pH
values (3.0-12.0) of solutions were used to investigate the effects
on P adsorption by the CSB and Fe-CSB. The effects of co-
existing compounds (NO;~ and humic acid (HA)) on phos-
phate adsorption were evaluated in batch test with an initial
phosphate concentration of 20 mg L™'. The concentration
ranges of NO;~ and HA were imposed at 0-50 mg L™ " and 0-
20 mg L', respectively. Moreover, the influence of various
temperatures (298, 308 and 318 K) on the uptake of phosphate
was also studied. The same procedures were used to analyze for
phosphate concentration in suspensions.

2.5. Desorption kinetics

To evaluate the desorption performance of phosphate from the
CSB and Fe-CSB, 20 mL of centrifuged supernatant was
removed from an adsorption test, and the vials were refilled to
the original volume by adding 0.02 mol L' KCI solution
without phosphate. The mixtures were re-equilibrated for 48 h
under the same conditions (pH, temperature, rotating velocity).

Fe Al Ca Mg TP
Item (mg g™ C (%) H (%) 0 (%) N (%) H/C o/Cc (0 + N)/C
CSB 1.61 2.36 5.1 2.65 0.13 84.31 1.42 13.54 0.48 0.02 0.16 0.17
Fe-CSB 106.6 0.78 3.44 0.86 0.11 28.89 5.28 32.18 0.42 0.18 1.11 1.13
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Table 2 Physiochemical properties of the CSB and Fe-CSB

Property CSB Fe-CSB
pH 6.3 7.8
BET surface area (m* g~ ") 760.5 547.0
Surface area of micropore (m” g™ *) 576.9 369.6
Surface area of mesopore (m”> g~ ') 183.6 177.4
Average pore diameter (nm) 2.1 2.3
Total pore volume (cm® g™ ) 0.40 0.32
Zeta potential (mV) —23.3 35.5

After 0.5, 1, 2, 4, 8, 24, and 48 h, the samples were taken out for
the analysis of phosphate and desorbed phosphate was calcu-
lated. NaOH solution was used to regenerate the Fe-CSB after
the adsorption process, and four adsorption—-desorption cycles
were carried out to evaluate the reusability of Fe-CSB.

2.6. Analysis and characterization

The concentrations of P in the filtrates were determined by
molybdenum blue spectrophotometric method with a UV-2600
UV/vise spectrometer (Shimadzu, Japan). Portions of CSB and
Fe-CSB were digested with HNO;-HF-HClO,, and the contents
of total Fe, Al, Mg, Ca and TP of the CSB and Fe-CSB were
analyzed by ICP-AES (PerkinElmer, USA). The textural charac-
teristics of the CSB and Fe-CSB were determined using a N,
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adsorption-desorption test at 77 K (ASAP-3000, Micromeritics).
Scanning electron microscope (Quanta 200, Holland) was
applied to analyze the surface morphology and probe the
surface elements of the CSB and Fe-CSB. X-ray diffraction (XRD)
of randomly oriented powders of the samples was performed on
a Phillips PW 3050/60 diffractometer using monochromated Cu
Ko radiation, operating at 40 kv and 30 mA, from 10° to 80° (26),
with a scanning step of 0.02° at 1° per minute. The analyses of
four primary elements (C, H, O and N) in materials were con-
ducted using an elemental analyzer (ThermoFinnigan, EA112
CHN, USA). The changes between the surface groups before and
after phosphate were recorded by FTIR spectroscopy (Bruker,
Vector 22, Germany). A B1-ZetaPlus (Brookhaven Instruments,
USA) apparatus was used to measure the zeta potential of the
CSBs before and after phosphate adsorption.

3. Results and discussion

3.1. Properties of the CSB and Fe-CSB

The quantitative elemental compositions of the CSB and Fe-CSB
are summarized in Table 1. Compared with the original CSB,
the content of Fe in the Fe-CSB remarkably increased after
modification, while the contents of Al, Ca, and Mg moderately
decreased. The modified Fe-CSB contained mainly metallic
elements, as was also validated by the Energy Dispersive Spec-
trometer (EDS) results. As exhibited in Fig. 1(a) and (b), the EDS
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Fig. 1 SEM images and the corresponding EDS spectra of the CSB (a) and Fe-CSB (b).
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spectrum of the SEM image focusing area exhibited
a pronounced peak relative to Fe. The XPS spectrum also
confirmed that Fe was present in the modified Fe-CSB
(Fig. 2(a)). The peaks relative to Si, Al, and Ca were also visible
in the EDS spectra of the CSBs. Besides, the XRD spectra indi-
cated that the raw CSB was dominated with a broad peak at
23.0° (Fig. 2(b)), which is accounted for the cellulose crystal
plane.*®" However, no sharp peaks were obtained in the XRD
patterns, indicating that the iron present in the Fe-CSB sample
mainly existed in the amorphous state (e.g, 2-line ferrihydrite),
which exhibits low crystallinity.?>* From the SEM spectra in
Fig. 1(a), it is quite clear that the surface of the original CSB was
relatively smooth, and a part of the intrinsic characteristics of
the pristine biochar were manifested, while the surface
morphology of the Fe-CSB was rough and porous. Compared
with the pristine CSB, numerous microsized and nanosized
pores were irregularly distributed on the surface of the Fe-CSB.
The observations were also verified by the increased value of the
average pore diameter in the Fe-CSB.

From Table 1, it can be noted that the Fe-CSB had a lower C
content and higher O content than the CSB, which was associ-
ated with its lower hydrophobicity. The ratios of H/C, O/C, and
(O + N)/C in the Fe-CSB sample were much higher than those of
the CSB, implying that there were more oxygen-containing
functional groups (e.g;, -COOH and -OH) on the surface of
the former.”** The results were confirmed by the more
numerous and stronger absorption peaks appearing in the FTIR
spectrum of the Fe-CSB compared to that of the pristine CSB.>*
As shown in Table 2, the BET surface areas of the CSB and Fe-
CSB were 760.5 and 547.0 m”> g~ ', respectively, implying that
the homogenous deposition of the Fe(m) hydroxide over the
entire CSB matrix caused the partial blocking of the micropore
and mesopore channels of Fe-CSB. Although the raw CSB
sample exhibited a higher specific surface area and total pore
volume than the Fe-CSB, the average pore diameter of the
former was lower. Importantly, the zeta potentials of the CSB
and Fe-CSB were —23.32 mV and 35.45 mV, respectively. This
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was attributed to the change in content of the iron hydroxide
and oxygen-containing groups on the surface of the Fe-CSB,
which occurred during the modification process. Based on the
above results, the surface properties of the CSB were amelio-
rated substantially following the Fe(u) modification process.

3.2. Sorption kinetics and intraparticle diffusion model

The kinetic profiles of phosphate adsorption by the CSB and Fe-
CSB are displayed in Fig. 3(a). It is quite obvious that the initial
adsorption of phosphate by the two adsorbents was fast and was
followed by a comparatively slow adsorption state. Equilibrium
conditions were reached after 5 and 24 h, respectively. This
result was agreement with the findings of Zeng et al** With
regards to the CSB, the phosphate adsorption sharply increased
with reaction time, and over 97% phosphate was eliminated
after 3 h. The initial fast adsorption may be attributed to the
electrostatic interactions between the positively charged metal
oxides (Al,03, CaO, MgO) on the surface of the pristine CSB and
the negatively charged P species (PO,*~, HPO,>~, H,PO,).1>*
Compared with the CSB, the P adsorption on the Fe-CSB was
slightly slower, but the adsorbed amount increased steadily
with the reaction time, resulting in a significantly higher
adsorption capacity. The equilibrium adsorption capacity of the
Fe-CSB was 4.2 mg g~ ', that of the CSB was 2.2 mg g~ ', sug-
gesting that there was a stronger driving force for P adsorption
onto the Fe-CSB. Similar results for the adsorption of P onto
iron-decorated natural and engineered sorbents were also re-
ported in the other works.>

To explore the sorption mechanism, the kinetic data were
fitted with pseudo 1st order, pseudo 2nd order, n-th-order, and
Elovich models (Table S17),° and the obtained parameters,
along with the correlation coefficient (R*) and the root mean
squared error (RMSE) values, were reported in Table 3. Lower
RMSE values indicated a better fitting of the experimental data.
Taking both the R> and RMSE into consideration, the n-th-order
model (R* = 0.959 & 0.967, RMSE = 0.098 & 0.247) was found to
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Fig. 2 XPS (a) and XRD (b) spectra of the CSB and Fe-CSB.
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Fig. 3 Sorption kinetic data and modeling for phosphate on the CSB and Fe-CSB (a); and the intra-particle diffusion model (b).

match the data slightly better than the other three models
proposed. Consequently, it was concluded that the uptake of
phosphate by the CSB and Fe-CSB may be governed by two or
more sorption mechanisms.*® Earlier research had demon-
strated that intraparticle diffusion may be involved in the
removal of pollutants by biochar materials.*”

On the basis of these observations, the intraparticle diffu-
sion model was applied to investigate the rate-determining
steps and mechanisms of phosphate adsorption by the CSB
and Fe-CSB (Table S21).”® As seen in Fig. 3(b), a multi-linearity
relation existed between g, and ¢ over a wide range of reac-
tion time, suggesting the presence of an external mass transfer
resistance during P adsorption. Two separate regions were
observed for phosphate adsorption by the CSB and Fe-CSB.
During the first steep-sloped period, most of the phosphate
anions (about 94% and 71%, respectively) were rapidly adsor-
bed on the exterior surfaces of the CSB (Kp; = 1.023) and Fe-CSB
(Kp1 = 0.806), which was ascribed to the mass transfer taking
place in the diffusion boundary layer.** During the second
period, the intraparticle diffusion rate of the CSB (K, = 0.049)
slowed down sharply due to the achievement of adsorption
equilibrium. As to the Fe-CSB, although the exterior surface
reached adsorption saturation, P anions were impregnated into
the inner-sphere of the Fe-CSB, where they were firmly adsor-
bed. Since the phosphate slowly penetrated into the inner-
sphere, the diffusion resistance gradually increased, leading

Table 3 Kinetic parameters for P adsorption by CSB and Fe-CSB

to the decrease of the diffusion rate (Kp, = 0.323). The lower
diffusion rate in the Fe-CSB may have also been related to the
smaller pores, stronger electrostatic repulsion, and lower
phosphate concentration in the solution.”® Additionally, the C
values of Fe-CSB (1.212 and 2.092) were obviously larger than
those of CSB (0.463 and 1.886), which indicated that the
boundary layer in the Fe-CSB was thicker than that of the CSB
(Table S21). The result further confirmed that the Fe(m)
hydroxide was loaded on the surface of the Fe-CSB and
enhanced the phosphate removal. Thus, it could be postulated
the phosphate adsorption on the exterior surface was the rate-
limiting step of P adsorption on the CSB, while intra-particle
diffusion was rate-limiting for P adsorption on the Fe-CSB.*

3.3. Sorption isotherms and thermodynamics

Phosphate sorption isotherms on the CSB and Fe-CSB fitted by
three models were investigated in the temperature range of 298-
318 K (Table S1t and Fig. 4), and the corresponding parameters
were reported in Table 4. From Fig. 4, it can be seen that the
amount of P adsorbed by the CSB and Fe-CSB sharply increased
when the reaction temperatures increased from 298 K to 308 K,
while the adsorption amount increased only slightly when the
temperature was further increased to 318 K. It has been re-
ported that the relatively higher temperatures enhance ion
diffusion in solution and create strong interaction forces

Adsorbent Models Parameter 1 ("' (mg” ' h)™) Parameter 2 (mg g ) Parameter 3 R? RMSE
CSB 1st-order ky =2.177 ge = 2.082 0.951 0.109
2nd-order k, = 1.453 ge = 2.175 0.955 0.105
n-th-order k, = 1.819 ge = 2.117 n=1.523 0.959 0.098
Elovich b=4.014 (gmg ") a=81.681(mgg "h™) 0.788 0.228
Fe-CSB 1st-order ky = 1.724 ge = 3.369 0.662 0.514
2nd-order k, = 0.592 de = 3.606 0.807 0.388
n-th-order k, = 0.090 ge = 4.128 n=2.652 0.967 0.247
Elovich b =2.018 (gmg™ ") a=39.20(mgg 'h") 0.962 0.276

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Sorption isotherms data and modeling for phosphate on the CSB (a) and Fe-CSB (b) at different temperatures.

between the phosphate anions and the biochars. Consequently,
the phosphate can be more easily adsorbed by the CSB and Fe-
CSB.**** The above results implied that the primary mechanism
for phosphate adsorption by the CSBs was an endothermic
process. In addition, the positive AH® values of the phosphate
adsorption by the CSBs also confirmed the endothermic process
of the P adsorption for temperatures of 298-318 K (Table S31).

Three isotherm models (Freundlich, Langmuir, and Lang-
muir-Freundlich), described in Table S1,T were used to fit the
experimental data relative to the CSB and Fe-CSB.>** The ob-
tained parameters, along with the R* and the RMSE values for
the three models, were also summarized in Table 4. Although all
the isotherm models closely reproduced the data with R* values
exceeding 0.92, the Langmuir-Freundlich model fitted the
experimental data better than the other two models, presenting
the highest R* values (0.983-0.999) and the lowest RMSE values

Table 4 Isotherm parameters for P adsorption by CSB and Fe-CSB

CSB Fe-CSB
Models & parameters 298 K 308 K 318K 298K 308K 318K
Freundlich
Ky 1.541 0.291 0.542 1.471 2.618 2.873
n 0.336 1.273 1.518 2.144 2.548 2.650
R? 0.995 0.997 0.991 0.991 0.980 0.980
RSME 0.126  0.147 0.268 0.278 0.591 0.572
Langmuir
Im 9.832 18.75 23.31 13.05 23.70 34.06
K, 0.017 0.008 0.013 0.051 0.136 0.140
R? 0.998 0.996 0.976 0.976 0.939 0.9225
RMSE 0.075 0.060 0.446 0.519 1.050 1.222
Langmuir-Freundlich
qm 13.23 25.46 26.84 36.0 60.88 65.32
Kir 0.017 0.008 0.011 0.038 0.044 0.0391
n 0.872 0.974 0.891 0.563 0.445 0.422
R* 0.999 0.999 0.994 0.993 0.983 0.983
RMSE 0.037 0.057 0.268 0.244 0.580 0.547

10430 | RSC Adv., 2019, 9, 10425-10436

(0.0365-0.5802) for all three temperatures. These results
implied that phosphate adsorption onto the CSB and Fe-CSB
could be more accurately described by the Langmuir-Freund-
lich model and the interactions between phosphate and the
surfaces of the CSBs were mainly influenced by both the
Langmuir and Freundlich processes. This observation coin-
cided with the results of the kinetic research, which had
revealed that the adsorption of phosphate by the CSB and Fe-
CSB could be controlled by two or more mechanisms.***

The maximum phosphate adsorption capacities (g,) of the
Fe-CSB obtained from the Langmuir-Freundlich model were
approximately 36.0, 60.88, and 65.32 mg g~ ' at 298 K, 308 K, and
318 K, respectively. Compared with other Fe-based materials
reported for phosphate adsorption, the Fe-CSB displayed
a relatively superior capacity (Table S41). For instance, the
maximum capacities of phosphate adsorption on Fe(m)-doped
activated carbon, magnetic Fe-Zr binary oxide, and ferrihydrite
were about 8.13, 13.6 and 22.17 mg g~ ', respectively. The higher
phosphate adsorption capacity could be attributed to the rela-
tively high Fe content and more numerous active sites on the Fe-
CSB.**** Moreover, when taking into consideration the cost of
raw materials and the preparation processes, the Fe(u) modi-
fied CSB can be considered as a promising and low-cost
medium to be employed in bioretention systems for P
removal, since the feedstock used for its preparation is a cheap
and natural biomass, widely available in the country.

3.4. Effect of pH on P adsorption

The pH value is one of the most crucial variables affecting the
adsorption process of compounds as it determined the charge
state. As depicted in Fig. 5(a), the adsorption profile of P by the
CSB and the Fe-CSB was highly pH-dependent, and the acidic or
weak acidic conditions favored P adsorption on the CSB and Fe-
CSB.

As for the CSB, the P adsorption amount only decreased
slightly when the initial pH increased from 3 to 7. With a further
increase of pH from 7 to 12, the phosphate adsorption
decreased sharply. Similarly, the P adsorption capacity by the

This journal is © The Royal Society of Chemistry 2019
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Fe-CSB decreased mildly from 6.53 to 3.8 mg g ' when the

initial pH increased from 3 to 9, but it decreased dramatically
when then initial pH was increased from 9 to 12. Similar results
were also reported during the P adsorption by other Fe-based
and metal-containing sorbents.’*** The main phosphate
anions formed were monovalent H,PO,~ and divalent HPO,>~
in the pH ranges of 3-7 and 7-9, respectively. Meanwhile, the
surfaces of the CSB and Fe-CSB (pH,,,. = 7.6) were protonated
and carried positive charges at low pH. As a result, the positively
charged surface of the CSB and Fe-CSB were more likely to
adsorb the negatively charged phosphate anions (HPO,>~ and
H,PO, ). The higher adsorption capacity of phosphate at lower
pH values was attributed to the stronger electrostatic attrac-
tion." Conversely, a higher pH caused the surfaces of the CSB
and Fe-CSB to hold more negative charges, which would
strongly repulse the main phosphate species (HPO,>” and
PO,’"), which also carried negative charges in the pH range of
9-12. Accordingly, the lower adsorption amount in weak alka-
line and alkaline solutions was accounted for in terms of the
increased repulsion.”*

On the other hand, some iron in the Fe-CSB was easily dis-
solved and existed as Fe’" at low pH values. Therefore, the
chemical precipitation of the Fe’" and P ions as FePO, may also
be have contributed significantly to the P removal, since the
FePO, has a low Ky, value (7.9 x 10!).2#%* Furthermore, the Fe-
CSB also contained low-solubility metal oxides, such as CaO,
MgO and Al,O3, etc., whose dissolution could have been facili-
tated by the presence of phosphate anions, which could have
led to the formation of phosphate precipitates, such as AIPOy,,
Caz(P0O,),, and Mg;(PO,), (Table S5t).>

3.5. Effect of coexisting compounds on P adsorption

Urban stormwater usually contains coexisting compounds (e.g.,
inorganic and organic matters),* that could interfere with the
phosphate removal through various pathways. In this study, the
influence of nitrate (NO; ) and humic acid (HA) in six

This journal is © The Royal Society of Chemistry 2019

concentration levels on the phosphate uptake by the CSBs were
evaluated at the initial pH of 7.0 (Fig. 6).

As shown in Fig. 6(a), when the NO;~ concentrations
increased from 0 to 50 mg L', the adsorption amount of
phosphate by the CSB and Fe-CSB was decreased by 51.0% and
23.0%, respectively. Obviously, the presence of the NO;~ had
a more severe effect on the phosphate adsorption by the CSB.
This may be explained by the competitive adsorption of NO; ™.
Previous research revealed that anions adsorbed by the outer-
sphere interactions of the adsorbent were substantially sensi-
tive to the ionic strength of the solution in which they were
immersed and that the adsorption process was clearly
restrained by the competition with weakly adsorbing anions,
such as NO; ™, since electrolytes could also form outer-sphere
complexes via electrostatic forces. Conversely, anions adsor-
bed by inner-sphere interactions of the adsorbent exhibited
little sensitivity to the ionic strength of the solution.’” The
observation was in line with the results from the analysis of the
intraparticle diffusion model and indicated that inner-sphere
diffusion played a key role in phosphate adsorption by Fe-CSB.

On the basis of the above results, it was concluded that
a large amount of P (about 51%) was adsorbed by the exterior
surface of the CSB, which could be easily influenced by the
coexisting NO; ™. On the other hand, on the Fe-CSB, most of the
phosphate (about 77%) was adsorbed by the interior surface
and could not be replaced by the NO;™~ coexisting in the solu-
tion. Meanwhile, although the adsorption capacity of Fe-CSB
was considerably higher than that of the CSB, the lower
amount of P adsorbed on the CSB (0.98 mg g~ ') and Fe-CSB
(0.97 mg g~') was nearly equal when the NO;~ concentrations
increased from 0 to 50 mg L™, The finding also confirmed that
electrostatic attraction was the main mechanism of P adsorp-
tion on the CSB, but not on the Fe-CSB. Additionally, based on
the high R*> values (0.984 and 0.947), the strong negative
correlation between the amount of P adsorbed by the CSBs and
the NO;~ concentration was demonstrated (Fig. 6(a)). The
results further confirmed that the adsorption of P by the CSB
was largely governed by electrostatic attraction.

RSC Adv., 2019, 9, 10425-10436 | 10431
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As shown in the Fig. 6(b), humic acid (HA) had a noticeable
effect on the adsorption of phosphate. When the HA concen-
trations increased from 0 to 20 mg L™, the amount of P
adsorbed by the CSB and Fe-CSB decreased by 58.9% and
60.0%, respectively. The results may be ascribed to the
competition or blocking effect of the surface sites of the CSBs by
the HA.>*® Antelo et al. revealed that HA and phosphate could
compete for the goethite surface, thus explaining the adsorp-
tion of HA and the decrease of in phosphate adsorption in the
presence of HA.* Hiemstra et al. found that HA was the most
effective competitor, and the higher number of functional
groups increased oxyanion competition.** Additionally,
previous researchers have verified that ligand exchange (-COOH
and -OH of humic acid versus -OH on the surface of materials)
is the primary mechanism for HA adsorption on the surfaces of
carbon and clay.**

Finally, for the above bi-solute adsorption conditions,
a linear correlation was found between the amount of P
adsorbed by the CSBs and the HA concentrations. The R* values
for the correlation describing P adsorption on the CSB and Fe-
CSB in the HA/P bi-solute system were 0.886 and 0.868,
respectively, which were clearly worse than those relative to the
NO; /P bi-solute system (R*> = 0.984 and 0.947). These results
implied that the presence of HA could considerably influence
the P adsorption by multiple reaction mechanisms. Violante
et al. demonstrated that organic ligands could co-precipitate
with OH-Al or OH-Fe groups on the surface of adsorbents
and form organo-mineral complexes, the regenerative
complexes differed in chemical composition, surface features,
and reactivity toward phosphate.*

3.6. Desorption kinetics

To further evaluate the availability of the CSB and Fe-CSB for P
adsorption, desorption studies were performed. The desorption
of P from the CSB and Fe-CSB gradually increased with time 0.5
to 48 h, and the percentages of released P varied between 10.9-
27.7% and 7.4-10.0%, respectively (Fig. S2t). Compared with
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the CSB, the amount of P desorbed from Fe-CSB was consider-
ably lower, which proved that the Fe-CSB possessed higher P
adsorption and immobilization capacities than the CSB. Since
desorption is more likely to occur for physically adsorbed
compounds, the above result also suggested that physical
adsorption played a more important role in the phosphate
uptake by the raw CSB, while chemical adsorption may have
been the primary process on the Fe-CSB.** Meanwhile, it is quite
clear that phosphate adsorption by the Fe-CSB was not entirely
reversible and the bonding between the Fe-CSB granules and
phosphate anions was probably stable due to the high content
of Fe in the Fe-CSB.>* This observation is in agreement with the
reports of Zhao et al.** and Zhang et al.,*” who noted that the
phosphate adsorbed by iron oxide was relatively stable. Finally,
NaOH solution was used to regenerate the Fe-CSB after the
adsorption processes, and four adsorption-desorption cycles
were carried out and the corresponding results are obtained in
Fig. S3.7 In the previous two cycles, the adsorbed phosphate
could be effectively extracted by the NaOH solution, and 85.1%
and 75.7% of phosphate could be adsorbed again on the Fe-
CSB. After two cycles, the amount of adsorbed phosphate
sharply decreased to 65.3% and 63.1%, indicating that part of
active sites on the surface of Fe-CSB were lost. The implication
of these results is that the Fe-CSB has the potential to be used as
an effective bioretention medium for phosphate elimination
from stormwater owing to its low cost and excellent adsorption
capacity.

3.7. Sorption mechanisms of P on the CSB and Fe-CSB

To achieve insight into the sorption mechanisms of P by the Fe-
CSB, a series of additional analyses were conducted. Firstly, as
presented in Table 1, the Fe-CSB contained a high content of Fe
and some Al, Mg and Ca. These metal oxides may release metal
ions into the solution and exist as Fe**, Ca®>*, Mg®*, and AI**
under low initial pH conditions. Subsequently, surface precip-
itation probably enhanced the removal of phosphate through
the formation of insoluble precipitates between the phosphate

This journal is © The Royal Society of Chemistry 2019
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anions (H,PO,~ and HPO,>~, PO,*>) and these metal ions, due
to the low Ky, values of the precipitated (Table §5)."">**

Secondly, it was reported that the Fe hydroxide formed on
the surfaces of Fe-based materials could easily be protonated in
acid solutions (Fe-OH + H' = Fe-OH,"), leading to the forma-
tion of positively-charged surfaces, while it was deprotonated in
alkaline solutions (Fe-OH-H' = Fe-O~), forming negatively-
charged surfaces.” As displayed in Fig. 5(b), the point of zero
charge (pHp,.) value for the surface layer of Fe-CSB before
phosphate adsorption was 7.6. Hence, the surface of the Fe-CSB
was protonated and possessed a positive charge in the pH
ranges of 3-7. As a result, the main phosphate anions (HPO,>~,
H,PO, ) could be strongly adsorbed by the Fe-CSB through
electrostatic interaction.** A further increase of the pH value of
the solution, caused the gradual deprotonation of the Fe-CSB
surface, which therefore carried a more negative charge.
Consequently, the amount of phosphate adsorbed decreased
dramatically (Fig. 5(a)). Besides, the zeta potential of Fe-CSB
after phosphate adsorption clearly decreased from 7.6 to 5.1,
owing to the collection of the negatively-charged phosphate
anions on the surface of the Fe-CSB.>* In addition, it has been
found that a strong negative correlation existed between the
initial pH values and the amount of phosphate adsorbed by the
Fe-CSB (R> = 0.951, Fig. S271). These results demonstrated that
the electrostatic attraction between the phosphate anions and
the positively charged surfaces may be an important mecha-
nism for phosphate uptake by the Fe-CSB.

Thirdly, as discussed above (Section 3.4), the phosphate
uptake by the Fe-CSB was notably influenced by the pH values of
the solution. By comparing the initial and final pH values
during the adsorption process, it was quite clear that the final
pH values were obviously higher than the initial ones (Fig. 5(a)),
suggesting that the hydroxyl groups on the surface of the Fe-CSB
were replaced by the phosphate anions and were then released
into the solution. Hence, the final pH values of the aqueous
solutions strongly increased in the pH range of 3-7. The high
adsorption capacity for phosphate also coincided with the
significant increase of pH values under acidic condition.
However, the final pH values increased only slightly when the
initial pH was in the range of 9-12. The corresponding low
phosphate adsorption capacity confirmed that only a few of the
hydroxyl groups were exchanged with phosphate anions and
released into the solution under alkaline conditions.***! These
findings implied that the ligand exchange was a primary
mechanism for phosphate removal by the Fe-CSB.

On the other hand, as mentioned above, phosphate
adsorption by the Fe-CSB was slightly affected by the different
concentrations of nitrate (0-50 mg L"), suggesting that the
inner-sphere complexation may have been involved in the
phosphate uptake by the Fe-CSB.***” Furthermore, according to
the results of the intraparticle diffusion model, the phosphate
uptake process consisted of two steps. Firstly, the phosphate
anions (H,PO,, HPO,> and PO,*") were quickly adsorbed on
the exterior surface of the Fe-CSB, being transferred from the
liquid phase to the liquid-solid surface through ligand
exchange and electrostatic interactions. Secondly, the P anions
slowly penetrated into the inner-sphere of the Fe-CSB and inner-

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 FTIR spectrum of the CSB and Fe-CSB before and after
adsorption.

sphere complexes were formed by bonding with the hydroxide
groups, abundantly present in the amorphous regions of the Fe-
CSB. Besides, the increase in average pore diameter of the Fe-
CSB after modification also favored the penetration of phos-
phate into the internal area.>** The FTIR spectra of the CSB and
Fe-CSB before and after phosphate uptake were plotted in Fig. 7.
After P adsorption, the FTIR spectrum of the Fe-CSB-P exhibited
important differences compared to that of the Fe-CSB and CSB.
With regards to the Fe-CSB-P, the appearance of three peaks at
618, 528 and 456 cm ™ ' was ascribed to the stretching vibration
of Fe-0O, which validated the involvement of the Fe-O bond in
phosphate adsorption.*>*® The emergence of three asymmetric
vibration peaks, relative to the P-O bonds, at 970, 1066, and
1167 cm™ revealed that phosphate was firmly adsorbed on the
surface of the metal oxide (Fe-O and Al-O) through the
formation of monodentate and bidentate complexes on the
inner-sphere surface of Fe-CSB.'****>5> The absorption peak
located at 3446 cm™' may have been related to the —-OH
stretching vibration of hydrogen-bonded groups (H---H) and
water molecules (H,0).*” The bands at 2920, 2850, and
1379 cm ™" were attributed to the CH, group in biochars.* The
peak at 1735 cm ™" was ascribed to the C=0 stretching vibration
of the ester bond.> The benzene ring C=C stretching peaks at
1457 and 1542 cm ™ ' proved that aromatization occurred during
the synthesis of the Fe-CSB.* This finding was also consistent
with the higher value of (O + N)/C in the Fe-CSB.

The XPS spectra of Fe-CSB before and after adsorption of
phosphate were analyzed, and the corresponding results were
exhibited in Fig. 8. Observably, the O 1 s spectra showed that the
peak at ~532.2 eV shifted to lower binding energy (~531.3 eV)
after phosphate adsorption, and the relatively intensity
increased from 65.5% to 74.3% (Fig. 8(a)). This shift agreed well
with the formation of Fe-O-P bonds.**** The binding energy of
the Fe 2p peak at ~712.8 eV after phosphate adsorption was
apparently higher than that of the Fe-CSB while similar to the
reference samples of FePO4, which further confirmed that the
Fe-O-P bonds were formed.** Meanwhile, after phosphate
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adsorption, the percentages of -OH (~530.3 eV) and -COOH
(~289.1 eV) decreased from 34.5% and 32.4% to 25.7% and
13%, respectively, which further confirmed that the hydroxyl
groups on the surface of Fe-CSB were replaced by the phosphate
ions. Based on the aforementioned evidences, four possible

10434 | RSC Adv., 2019, 9, 10425-10436

mechanisms that govern the adsorption process of phosphate
from aqueous solutions by the novel Fe-CSB could be proposed
and were illustrated in Fig. 9.

4. Conclusions

This study revealed that the Fe-CSB deriving from coconut shell
has excellent phosphate adsorption properties. The Fe-CSB
showed high adsorption capacity up to 36.0 mg g ', which
was 2.73 times that of the pristine CSB. Adsorption isotherms
were well fitted by Langmuir-Freundlich model and kinetics
were represented by pseudo n-th order. Phosphate adsorption
by the CSBs was an endothermic process, and the adsorption
capacity was highly affected by the pH, the humic acid, and
temperature. The results from mathematical modeling and
characterization demonstrated that the phosphate adsorption
by the Fe-CSB was primarily governed by four mechanisms:
ligand exchange, electrostatic attraction, chemical precipitation
and inner-sphere complexation. Thus, the Fe-CSB could be
considered a promising alternative bioretention medium or an
environmentally friendly material for phosphate removal.
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