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Both phosphate and organic carbon can serve as nutrients for microorganism growth. Simultaneous
removal of both nutrients would realize the antibacterial strategy of nutrient starvation better to ensure
water quality safety. In addition, a short treatment time is the premise for the application of a material in
water treatment. Herein, carbon-coated lanthanum nanorods with a uniform distribution of La and C
(C—-La-MOF) were rationally prepared through glucose and La-MOF hydrothermal treatment and further
carbonization to synchronously and rapidly remove phosphate and organic matter. The carbon layer
thickness was tuned by varying the hydrothermal time to find the optimal balance between excellent
phosphate intake and low lanthanum leakage. C-La-MOF had a strong anti-interference ability and high

phosphate capture capacity over a wide pH range of 2-12. Impressively, when phosphate and organic
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1. Introduction

To tackle the problem of microbiological contamination in
water, especially drinking water, thus far many methods, such
as the application of disinfectant and antibacterial materials,
have been employed.'® Thereof, nutrient starvation, i.e., the
direct removal of nutrients essential for microbial growth in
order to starve microorganisms, is expected to be a green and
effective strategy. This method could bypass the side effects
caused by other methods, such as cancer risk and biotoxicity.>*”
Phosphorus (P) and carbon (C) are both essential elements in
microbial metabolic processes and growth.® Accordingly, they
both can be the limiting nutrient for microbial growth in
drinking water. Ensuring the biological stability of drinking
water through reduction of AOC (assimilable organic carbon)
and managing water eutrophication through the removal of P
belong to nutrient starvation strategy. However, it is difficult to
reduce AOC to trace levels (<10 pg C L") to inhibit bacterial
regrowth in drinking water.>'® Hence, extensive studies have

“School of Environment, Harbin Institute of Technology, Harbin 150090, P. R. China.
E-mail: wangweirs@hit.edu.cn; cuifuyi@hit.edu.cn

College of Urban Construction and Environmental Engineering, Chongging University,
Chonggqing, China

+ Electronic supplementary information (ESI) available: Experimental method,
SEM, TEM, HRTEM, SAED, XRD, elemental mapping, adsorption kinetic model,
thickness distribution, zeta potential, equilibrium isotherm model parameters,
kinetic model parameters and turbidity. See DOI: 10.1039/c8ra01519h

11754 | RSC Adv., 2018, 8, 11754-11763

focused on P and attempted to replace AOC with P as the
indicator of the biological stability of drinking water'*™**
because P can be removed to low concentrations by conven-
tional coagulation compared with AOC."* However, when C and
P coexisted, microorganisms could grow even though either C
or P was reduced to trace levels.'®" In our previous study, we
found that when C and P were removed concurrently, the
potential for microbial growth in water could be largely
reduced.” As a consequence, it is imperative to develop
a material to synchronously remove organic matter and phos-
phorus. Although carbon nanofibers with embedded LaCO;O0H
nanoparticles (LCNFs) could achieve this goal, it took several
hours to do so,"® which was unacceptable for water treatment
engineering because a long treatment time means a high cost.
Therefore, an efficient adsorbent that can synchronously and
rapidly remove organic matter and phosphorus should be
developed.

Since phosphate is the only form of phosphorus that can be
directly assimilated by organisms,**** microbial growth could
be limited by removing phosphate. Tremendous efforts have
been made to remove phosphate from water.>*** Thereof,
lanthanum-based adsorbents stand out due to their very
strong binding affinity for phosphate (solubility of lanthanum
phosphate pK,, = 26.17).>° Lanthanum (La) is an abundant
and inexpensive rare earth element and considered to be
environmentally benign and biocompatible.””** La has been
employed to remove excess phosphate in the human body****
and control eutrophication in lakes (Phoslock).*” In our

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra01519h&domain=pdf&date_stamp=2018-03-26
http://orcid.org/0000-0002-0583-0682

Paper

previous study, inorganic La-MOF-500 composed of La,0,CO;
was fabricated by calcining La-MOF (lanthanum metal organic
frameworks), which provided an appealing phosphate intake
of 173.8 mg P g .

In terms of organic carbon removal, carbon materials
adsorption is preferable owing to the high adsorption capacity
and simple operation. To obtain the simultaneous removal of
organic carbon and phosphate, a carbon material and
lanthanum material need to be integrated into one material.
Among multitudinous carbon-metal composites, carbon-
coated materials attracted our interest because the outer
carbon layer might not only adsorb organic matter but also
prevent lanthanum from leaking into water. To produce such
materials, the glucose hydrothermal method is a good choice,**
and much research has used this method to synthesize core-
shell structures.*** In addition, glucose is accessible and
nontoxic when serving as a carbon source. As for a lanthanum
source, La-MOF-500 is a candidate owing to its intriguing
phosphate intake. However, inorganic La-MOF-500 might
dissolve in the acid produced during glucose hydrothermal
treatment, which might affect the structural uniformity and will
probably further impact the phosphate adsorption perfor-
mance. The relevant results can be found in the following
experimental results. As a result, we chose La-MOF, the
precursor of La-MOF-500, as the lanthanum source due to its
acid resistance.

For these reasons, we coated La-MOF with glucose through
a hydrothermal reaction and further carbonization. Finally, we
obtained carbon-coated lanthanum nanorods with a uniform
distribution of La and C (C-La-MOF), implying abundant C-La
micro-interfaces, which would improve the removal perfor-
mances of phosphate and organic matter. As we expected, C-La-
MOF exhibited a robust phosphate intake and low lanthanum
leakage. Besides, it could effectively and rapidly remove organic
matter and trace levels of phosphate. Even when phosphate and
organic matter coexisted, C-La-MOF could still completely
remove the phosphate and achieve the highest organic matter
removal efficiency in 10 min concurrently. This result is prom-
ising for water treatment engineering. These characteristics
make this capture agent applicable to microbiological growth
control and bring this technology another step closer to water
treatment engineering applications.

2. Experimental

2.1. Materials

Lanthanum nitrate (La(NOj3);-6H,0) and La,O3; were provided
by Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). 1,3,5-
Benzentricarboxylate (1,3,5-BTC or H;BTC) was purchased from
Hans Chemical Reagent Co., Ltd. (Beijing, China). Glucose was
purchased from Tianjin Kermel Chemical Reagent Co., Ltd.
Sodium hydroxide (NaOH) and potassium dihydrogen phos-
phate (KH,PO,) were purchased from Xilong Chemical Co., Ltd.
(Guangdong, China). All of the chemical reagents used were
analytical grade and used as received without further purifica-
tion. HCl and HNOj3, used to prepare aqua regia and perchloric
acid (HClO,), were of MOS grade (metal-oxide-semiconductor
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grade), and were purchased from Tianjin Guangfu Fine Chem-
ical Research Institute (Tianjin, China).

2.2. Fabrication of La-MOF and La-MOF-500

La-MOF was prepared as described in our previous work.** In
brief, the same volumes of 50 mM La(NO;);-6H,0 water solu-
tion and 50 mM H;BTC water/ethanol solution (v/v, 1 : 1) were
mixed together at 25 °C, and the reaction proceeded at 135 rpm
for 1.5 h. After 0.5 h of settling, the as-prepared products were
rinsed with water/ethanol mixture (v/v, 1: 1) 5 times and then
dried in an oven at 60 °C. La-MOF-500 was the product of La-
MOF after thermal pyrolysis at 500 °C for 3 h in a furnace in air.

2.3. Fabrication of the carbon-coated lanthanum composite

For the production of the carbon-coated lanthanum composite,
a simple hydrothermal method was used. In a typical synthesis,
1 g of La-MOF and 8 g of glucose were mixed in 40 mL of
deionized water. After magnetic stirring for 30 min, the mixture
was transferred to a 100 mL Teflon-lined stainless steel autoclave
and then kept at 180 °C for a certain time. After cooling down
naturally, the precipitate was harvested by centrifugation and
washed thoroughly with water before being dried at 60 °C. The as-
prepared powder (G-La-MOF) was stabilized in air by heating to
280 °C at a rate of 1 °C min~ ' and maintaining this temperature
for 1 h, and then carbonized by heating to 500 °C at a rate of
5°Cmin ‘inaN, atmosphere and maintaining this temperature
for 3 h. C-La-MOF, C-La-MOF10 and C-La-MOF12 were short for
the carbonized samples with hydrothermal times of 6 h, 10 h and
12 h, respectively.

For comparison, the same procedure was used to fabricate
GC (pure carbon derived from glucose), C-La,03;, C-La and
C-La-MOF-500 by excluding La-MOF or by changing La-MOF to
La, 03, La(NO3);-6H,0 or La-MOF-500, respectively.

2.4. Characterization

The crystal structure of the samples was investigated using
an X-ray diffraction (XRD) by Bruker D8 Advance diffrac-
tometer in the range of 20 = ~90° using Cu KR radiation as
X-ray source. FT-IR spectra of the samples were recorded on
a PerkinElmer Spectrum One B spectrometer with KBr as the
reference. The microstructures of the products were observed
on a scanning electron microscope (SEM, Quanta FEG 250).
TEM, HRTEM, and SAED measurements were carried out on
a FEI Tecnai G F30. The lanthanum content in C-La-MOF
was detected by using an inductively coupled plasma
optical emission spectrometer (ICP-OES, Optima 5300 DV,
PerkinElmer). The samples for ICP-OES needed to be diges-
ted before sample injection and the digestion method is
described in the ESI.}

2.5. Lanthanum leakage experiments

A lanthanum leakage experiment was conducted in 50 mL of
DI water. 0.2 ¢ L™' La-MOF-500 and 0.5 g L™ C-La-MOF were
added into the water, respectively. The solution pH was then
adjusted to ~7 with NaOH and HCIl. The experiment was
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conducted at 25 °C for 3 days at 150 rpm. An aliquot of the
solution was sampled every day, and the samples were
filtered through a 0.45 um membrane syringe filter prior to
analysis. The lanthanum concentration in water was deter-
mined by ICP-OES and converted into mg La (g La) '
according to the lanthanum content in the materials.

2.6. Phosphate adsorption experiments

A series of batch tests were conducted to investigate the phos-
phate adsorption performances of our prepared adsorbents.
The phosphate solutions in studies were prepared with KH,PO,
and DI water. All adsorption experiments were conducted at
25 °C for 24 h at 150 rpm and all solution samples were filtered
through a 0.45 pm membrane syringe filter prior to analysis.
The phosphate concentration in the filtrate was determined by
Mo-Sb anti-spectrophotometer method using a UV-vis spec-
trophotometer (HACH, DR5000, America). However, when the
initial phosphate concentration was less than 1 mg P L™, the
phosphate concentration was determined by inductively
coupled plasma mass spectrometry (ICP-MS, 7700 Series, Agi-
lent Technologies, USA).

The effect of the hydrothermal time on the phosphate
adsorption capacity was evaluated in 50 mg P L™' KH,PO,
solutions: 0.5 g L' C-La-MOF, C-La-MOF10 and C-La-MOF12
were added into separate solutions.

A comparison of the phosphate adsorption capacity of C-La-
MOF, GC, C-La,03, C-La and C-La-MOF-500 was carried out by
adding 0.5 ¢ L™" of the adsorbent into a 50 mg P L™" solution.

Adsorption isotherms of phosphate were determined in
150 mL conical flasks. C-La-MOF (0.5 g L™ ") were added into
50 mL of phosphate solutions with different concentrations of 1
to 80 mg P L', Langmuir and Freundlich models were applied
to describe the adsorption isotherm data in nonlinear regres-
sion forms.*

1 1 1 1
Langmuir model : — = —— — + — 1
£ Qe KLQm Cc Qm ( )
1
Freundlich model : In Q. = . In C, +1n K¢ (2)

where C, (mg L") is the concentration of phosphate solution at
equilibrium, Q. (mg g~ ') is the corresponding adsorption
capacity, Qn, (mg g7 ') and K (L mg™ ") are Langmuir constants
related to adsorption capacity and energy or net enthalpy of
adsorption, respectively, and Ky (mg g ') and n are the
Freundlich constants.

In kinetic experiments, 0.5 ¢ L™" C-La-MOF was added to
a 50 mg P L' phosphate solution. An aliquot of solution was
sampled at specified time intervals. To analyse the kinetic
mechanism of the adsorption process, the experimental data
were fitted to pseudo-first-order and pseudo-second-order
models which are described as the following equations:*

Pseudo-first-order equation: In(g. — ¢;) = In ¢, — kit 3)

Pseudo-second-order equation: /g, = 1/(kag?) + tlge (4)
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where ¢, (mg P g ') and ¢g. (mg P g ') are the amount of
phosphate adsorbed over a given period of time ¢ and at equi-
librium, respectively; ¢ is the adsorption time (min); and &,
(min~") and k, (g mg " min~") are the adsorption rate constant
of the pseudo-first-order adsorption and the pseudo-second-
order adsorption, respectively.

To study the effect of pH on phosphate removal, 0.5 g L' C-
La-MOF was added to a 50 (mg P L™ ") phosphate solution. The
initial pH, ranging from 2.0 to 12.0, was adjusted by adding
NaOH and/or HCI solutions. The effect of coexisting anions on
the phosphate adsorption capacity was evaluated by dissolving
NO; ™, SO,>, CI~ and CO;* into a 50 (mg P L~ ') phosphate
solution with a molar ratio of the anion to phosphate of 1: 1.
The experiments were conducted either without pH adjustment
or at pH ~7, respectively. Then, 0.5 g L™' C-La-MOF was added
to these solutions.

The experiment to assess the adsorption of a low concen-
tration of phosphate was conducted in a 100 pg P L™" solution.
The dosage of C-La-MOF was 10-100 mg L™ " in this experiment.
Aliquots (5 mL) were sampled at different time intervals.

2.7. Organic carbon removal

100 mg L™ C-La-MOF, GC, C-La,0;, La-MOF, La-MOF-500 and
G-La-MOF were used to remove 3 (mg TOC L") HA, respec-
tively, to investigate the HA removal characteristics of C-La-
MOF. The HA solutions in studies were acquired by diluting
the HA stock solution according to the standard curve. The
initial pH of the solutions was adjusted to ~7 with NaOH and
HCIL. In this section, the operational conditions and sample pre-
treatment were identical with those in phosphate removal
experiments. The samples were taken out of the containers at
different time intervals. The HA concentration was determined
by a UV-vis spectrophotometer and expressed as TOC, and the
determination method of HA was detailed in the ESL.}

2.8. Simultaneously removal of phosphate and organic
carbon

To investigate the simultaneously removal efficiency of HA and
phosphate by C-La-MOF, 100 mg L' C-La-MOF was mixed with
the solution containing 100 pg P L' phosphate and different
concentrations of HA ranging from 0 to 5 mg TOC L™'. The
initial pH of the solutions was adjusted to ~7 with NaOH and
HCIL In this section, the operational conditions, sampling
method and sample pre-treatment were identical with those in
HA removal experiments. The concentrations of phosphate and
HA were determined by ICP-MS and a UV-vis spectrophotom-
eter, respectively.

2.9. Separation characteristics of C-La-MOF

To study the separation characteristics of C-La-MOF, 0.5 g L ™"
C-La-MOF was added to 50 mL of DI water at different pH
values and the mixtures were shaken at 25 °C for 0.5 h at
150 rpm. Then, the solutions were allowed to settle for 20 min
and the supernatants of the solutions were taken out for
measurement of the turbidity via a turbidimeter (HACH,
2100AN, America). The supernatants were then filtered
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through a 0.45 pm membrane syringe filter, and their turbidity
was measured with turbidimeter.

3. Results and discussion

3.1. Preparation and characterization

To obtain C-La-MOF, the carbon-coated lanthanum composite
that can synchronously capture phosphate and organic carbon,
a short hydrothermal treatment was first performed with
glucose and La-MOF serving as the carbon source and
lanthanum source, respectively. During the hydrothermal
treatment, the glucose molecules absorbed on La-MOF nano-
rods were first polymerized and carbonized.* The precursors in
solution then gradually diffused to the La-MOF nanorods and
continued coating the nanorods with newly formed poly-
saccharide.® In this process, the carbonaceous layer thickness
increased, and the structure of the inner carbon layer and outer
polysaccharide layer formed, which can be seen in Fig. S2 in the
ESI.7** However, the outer polysaccharide carbon layer and the
organic ligand of La-MOF, H;BTC, might be unstable and thus
leak into water, consequently increasing the organic carbon
content. Therefore, further carbonization was necessary. The
urchin-like La-MOF, the La source, is composed of numerous
nanorods, and these nanorods with very high density pointed
toward the centre of the sphere.*® However, the SEM image of
C-La-MOF shown in Fig. 1a reveals only single nanorods rather
than urchin-like microspheres. It was believed that the hydro-
thermal treatment caused the nanorods constituting urchin-
like microspheres to disperse due to the unstable urchin-like
structure. In the TEM image of C-La-MOF (Fig. 1b), the
carbon coating layer can be easily identified (indicated by the
two red arrows), even after further carbonization. From HRTEM
image of C-La-MOF shown in Fig. S3a,T no lattice fringe was
observed, indicating that C-La-MOF was amorphous, which
could also be verified by the diffusive ring pattern in SAED
(Fig. S3bt) and the XRD pattern (Fig. S3c¢t) of C-La-MOF. C-La-
MOF was composed of three elements C, O and La because

200 nm

Fig.1 (a) SEM image of C-La-MOF. (b) TEM image of C-La-MOF and
a detailed enlargement. (c) High-angle annular dark field (HAADF)
image of C-La-MOF and the corresponding elemental mapping of C,
O and La.
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there were only these three elements in the reactants (glucose,
La(1,3,5-BTC)(H,0)s). From the elemental mapping of C-La-
MOF shown in Fig. 1c, the elements C, O and La were
uniformly distributed in the nanorod, indicating the existence
of abundant C-La micro-interfaces in C-La-MOF. In addition,
the lanthanum content in C-La-MOF was determined by ICP-
OES to be 44.93 wt%.

From Fig. 2a, the daily lanthanum leakage from La-MOF-500
was much higher than that from C-La-MOF because the La in
La-MOF-500 (La,0,CO03) contacted the water directly, while the
carbon layer of C-La-MOF could prevent La from leaking into
water because of its dense structure.** However, when the
carbon layer was too thick, it would hamper the contact of
phosphate with La sites. According to the formation mecha-
nism of the carbon layer, the longer the hydrothermal time, the
more polysaccharide deposited on the nanorod, and the thicker
the carbonaceous layer. Thus, the hydrothermal time is an
important factor that influences the carbon layer thickness.** In
addition, the thickness of the carbonaceous layer formed in the
hydrothermal treatment determined the final carbon layer
thickness of C-La-MOF. Therefore, we first studied the influ-
ence of hydrothermal time on the final carbon layer thickness of
the adsorbents. The TEM images and carbon layer thickness
distribution of the products hydrothermally treated for different
amounts of time are shown in Fig. 1b and S4.} Irrespective of
the hydrothermal time (6 h, 10 h or 12 h), the samples main-
tained the nanorod structure. However, the carbon shell thick-
ness increased from 5.03 nm to 8.64 nm to 11.82 nm, when the
hydrothermal reaction time increased from 6 h to 10 h to 12 h,
respectively. Next, the phosphate adsorption capacities of the
above products were investigated to understand the relation-
ship between the carbon layer thickness and the performance. It
is evidenced in Fig. 2b that the phosphate adsorption capacity
of C-La-MOF12, the sample treated for 12 h, was lowest, cor-
responding to the thickest carbon layer. A thick carbon layer
hindered the contact between the La species and phosphate. C-
La-MOF10 presented a similar phosphate capture ability to C-
La-MOF, but the fabrication of C-La-MOF10 took four hours
more than C-La-MOF. Thus, in the subsequent study, C-La-
MOF was selected as the candidate to investigate the feasi-
bility to adsorb phosphate and organic carbon from water.

To study the effect of different La sources on the structure
and phosphate capture performance, various carbon-coated
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Fig. 2 (a) Lanthanum leakage from C—-La-MOF and La-MOF-500. (b)

The effect of the hydrothermal time on the phosphate adsorption
capacity.
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lanthanum materials were fabricated. Fig. 3 presents the
phosphate intake of different materials. Obviously, C-La-MOF
presented the best phosphate capture property. However, GC
and C-La had no phosphate capture capacity. The significant
performance gap between C-La-MOF and GC indicated that the
La species in C-La-MOF was the active ingredient for phosphate
adsorption. From the TEM and SEM images of C-La shown in
Fig. S5a and b, there was no La species in/on C-La, and C-La
formed only carbon spheres. Therefore, C-La did not exhibit
any phosphate adsorption capacity.

The phosphate adsorption capacity of C-La-MOF-500 was
18.41 mg P g, less than that of C-La-MOF. However, their
adsorption capacities were much less than that of La-MOF-500
(173.8 mg P g ').3® There are spheres and nanorods in the
SEM image of C-La-MOF-500 shown in Fig. S5c,f and the
nanorods were damaged to some extent. During the hydro-
thermal treatment of aqueous glucose, the pH of the solution
changed from approximately neutral to 3-4,*> which would lead
to the dissolution of La-MOF-500 nanorods. However, the
addition of La-MOF-500 was too high for complete dissolution.
Thus, the damaged La nanorods were coated with a carbon layer
and adsorbed phosphate as C-La-MOF did. The dissolved
lanthanum together with glucose formed La-carbon spheres,
and the elements C, O and La were uniformly distributed in the
spheres (Fig. S5d ). The diameter of the spheres (approximately
6 pm) was much larger than that of C-La-MOF nanorods
(approximately 130 nm). Compared to C-La-MOF, much La
sealed in the C-La-MOF-500 spheres became inactive towards
phosphate, leading to the smaller phosphate adsorption
capacity of C-La-MOF-500. Compared with La-MOF-500, the La
in carbon-coated La nanorods and La-carbon spheres was more
difficult to contact phosphate, resulting in a much lower
phosphate intake of C-La-MOF-500 and C-La-MOF.

The phosphate adsorption capacity of C-La,O; was close to
that of C-La-MOF and higher than that of C-La-MOF-500. Like
C-La-MOF-500, C-La,O; also consisted of two parts: spheres
and bulks (Fig. S5ef). In addition, from the SEM image of C-
La,0; after phosphate adsorption shown in Fig. S5f,7 the
surface of both spheres and bulks became rough, indicating
that phosphate was adsorbed on both spheres and bulks; in
other words, lanthanum existed in both the spheres and bulks.
Additionally, La species were not uniformly distributed in every

Adsorption Capacity (mg P/g)

Fig. 3

Phosphate adsorption capacities of various materials.
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sphere, which was verified by the roughness comparison of
different spheres after phosphate adsorption shown in Fig. S5f
and g.t The explanation of the relations between the structures
and phosphate adsorption capacity was similar to that for C-La-
MOF-500. However, the La content in La,O3 (85.3%) was higher
than that in La(1,3,5-BTC)(H,0)s (30.4%) and La-MOF-500
(Lay0,CO3, 75.1%). The high lanthanum content resisted the
unfavourable effect of the structures on phosphate adsorption
performance. Hence, the structures and lanthanum content of
C-La,O; together determined its phosphate adsorption
capacity.

La-MOF could be formed at pH~3,** which implies that La-
MOF was resistant to acid, different from the inorganic
lanthanum source, La,O3; and La-MOF-500 (La,0,CO3). Hence,
during the hydrothermal treatment, the amount of dissolved La
from La-MOF nanorods was too low to form La-carbon spheres;
thus, C-La-MOF still maintained the uniform nanorod struc-
ture similar to La-MOF. If the total La content was the same, the
La content for phosphate capture in either C-La-MOF-500 or C-
La,0O; was less than that in C-La-MOF because the deeply sealed
La in spheres was inactive towards phosphate adsorption. In
other words, the uniform nanorod structure of C-La-MOF
provided more lanthanum active sites for phosphate than C-
La-MOF-500 and C-La,03, and thus, C-La-MOF achieved robust
phosphate adsorption performance.

3.2. Characterization of phosphate removal by C-La-MOF

Both Langmuir and Freundlich isotherms were applied to
determine the maximum adsorption capacity of phosphorus on
C-La-MOF (Fig. 4a), and the corresponding parameters are lis-
ted in Table S1.1 The experimental data could be well fitted to
the Freundlich isotherm model rather than the Langmuir
model on the basis of the correlation coefficients (R, see Table
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Fig.4 (a) Adsorption isotherms of phosphate on C—La-MOF. (b) Effect

of the contact time on the phosphate adsorption capacity of C-La-
MOF (initial P concentration = 50 mg P L™Y). (c) FTIR spectra of C—La-
MOF before and after adsorption. (d) Effect of the initial pH on the
phosphate adsorption of C-La-MOF and the final pH variation of the
solution.
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S1t). The adsorption capacity of C-La-MOF estimated by the
Freundlich model was 56.02 mg P g™ " at the initial phosphate
concentration of 50 mg P L™, and the value of 1/n was less than
1.0 (Table S1t), representing a favourable adsorption condi-
tion.*® The time-dependent adsorption for high concentration
phosphate is shown in Fig. 4b. The phosphate adsorption could
reach equilibrium within 6 h. The pseudo-first-order model and
pseudo-second-order model are shown in Fig. S6,7 and the
corresponding parameters and correlation coefficients (R*) are
provided in Table S2. According to the R* values, the results
better matched the pseudo-second-order model (R* > 0.99),
suggesting a chemisorption process.*?

To understand the interaction between the adsorbent and
phosphate, the FT-IR spectra of C-La-MOF before and after
adsorption of phosphate were compared and are shown in
Fig. 4c. Two distinct new bands were observed at 614 and
1059 cm ™. The first band was attributed to the bend vibration
of O-P-0 in PO,*” groups.*” In addition, the absorption peak at
approximately 1059 cm ™' was attributed to the typical asym-
metric stretch vibration of P-O in PO,*~ groups.*® In the SEM
image of C-La-MOF after phosphate capture (Fig. S71), the
surface of C-La-MOF became rough. These results proved that
PO,>~ groups were adsorbed onto C-La-MOF.

To further shed light on the mechanism of phosphate
adsorption of C-La-MOF, the effect of the pH on the phosphate
uptake capacity of C-La-MOF was studied and is presented in
Fig. 4d. The point of zero charge (pH,.) of the sorbent was
approximately 7.71, as identified from the zeta potentials at
different pH values (Fig. S8). The phosphate capacity could be
maintained at a high level in the pH range of 2-12, and even the
lowest adsorption capacity could reach 38.2 mg P g™, indi-
cating a wide application range. The phosphate removal effi-
ciencies were highest in the pH range of 8-10, and the highest
phosphate adsorption capacity was 89 mg P g~ .

When the pH was lower than 2.13, the predominant species
of phosphate was the neutral H;PO,4,* which is weakly attached
to the sites of C-La-MOF. At pH 2.13-7.71, the protonation of
the samples made the surface of C-La-MOF positively charged,
consequently facilitating the interaction with anionic groups,
H,PO,  and HPO,>", via electrostatic attraction.**** Meanwhile,
La active sites could complex with phosphate, forming La-O
coordination bonds.>* The proportion of HPO,>~ increased with
the increase of pH, and HPO,>  has a higher affinity than
H,PO,  for the La(m) centre.”> Therefore, the phosphate
adsorption capacity increased with the pH increase. When the
pH increased further from 8.0 to 11.0, the predominant species
was HPO,>", and the surface of C-La-MOF became negatively
charged. Electrostatic repulsion worked, and hydroxyl ions
would compete with phosphate for adsorption sites, which
hindered the adsorption of phosphate on C-La-MOF. However,
the C-La micro-interfaces in C-La-MOF provided abundant
adsorption sites to reduce the competition. In addition, in this
pH range, the pH values after 24 h of adsorption (final pH) were
6.49-7.01, which were higher than that in the initial pH range of
3-7(3.23-5.07) (Fig. 4d). It means that the proportion of HPO,>~
in the initial pH range of 8-10 was higher than that in the initial
pH range of 3-7. Thus, the complexation between La and
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phosphate together with the abundant adsorption sites of C-La-
MOF overwhelmingly overcame the adverse effects of electro-
static repulsion and hydroxyl ion competition. In consequence,
C-La-MOF achieved high phosphate adsorption capacities in
this pH range. At pH > ~10.0, the more negatively charged C-La-
MOF surface (Fig. S81) and high concentration of hydroxyl ions
allowed the electrostatic repulsion and hydroxyl ion competi-
tion to become dominant, leading to a sharp reduction in
phosphate adsorption capacity. Even so, the complexation
between La and phosphate could still maintain a phosphate
adsorption capacity of over 38 mg P g~ .

The studies of competitive adsorption of phosphate on C-
La-MOF were carried out in the presence of common ions such
as Cl~, SO,>~,NO; ™ and CO;>~ in water. The initial phosphate
concentration was 50 mg P L™, and the molar ratio of coex-
isting ions to phosphate was fixed at 1 : 1. First, the experi-
ment without pH adjustment was conducted. It is found from
Fig. 5a that CI, SO,>~ and NO;~ had trivial influence on the
phosphate adsorption capacity. In the previous study, coex-
isting CO;>~ would compete with phosphate for the adsorptive
sites, which was attributed to the small K, (3.98 x 10**) of
La,(CO3)s, thereby leading to a decrease in the phosphate
adsorption capacity.******** However, the experimental results
improved the phosphate
adsorption capacity significantly, and the phosphate adsorp-
tion capacity was 82.97 mg P g~ *. The reason for the differing
results was the different pH of the solutions. The initial pH of
the solution containing CO;>~ was 8.04, and the initial pH of

in this study was opposite. CO3>~

the solutions containing other anions were approximately 5.2.
In addition, in the study of the pH effect (Fig. 4d), the phos-
phate adsorption capacity at pH ~ 8 was higher than that at pH
~ 5, and the adsorption capacity at the two pH values was
87.52mg P g " and 53.74 mg P g, respectively, which agreed
with the experimental results of the anion effect. To eliminate
the initial pH effect, an experiment with initial pH of ~7 was
performed, and the results are shown in Fig. 5b. Cl~, SO4>~
and NO; " still had trivial influence on the adsorption capacity,
but the adsorption capacity was improved to approximately
68 mg P ¢!, which agreed with the result of the pH effect
(Fig. 4d). The adsorption capacity in the presence of CO;>~ was
76.99 mg P ¢~ ', which was less than that without pH adjust-
ment due to the reduced initial pH value. Nonetheless, CO;>~
still had positive influence on the phosphate adsorption
capacity, attributed to the buffering of CO;>". The solution pH

O
)
s

80

60

40

20

Adsorption Capacity (mg P/g)

0 ~
Blank  CI NO, SO  co?

Fig. 5 (a) and (b) show the effect of coexisting anions on the phos-
phate adsorption capacity of C-La-MOF without pH adjustment and at
pH ~ 7, respectively.
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would decrease as phosphate was adsorbed onto the adsor-
bents (Fig. 4d). When the initial pH was ~7, the pH value after
24 h of adsorption was generally approximately 5.1 but was
6.51 when CO;>" existed, due to the buffering of CO;>". From
Fig. 4d, before pH ~ 9, the higher the pH, the higher the
phosphate adsorption capacity. Therefore, the adsorption
capacity in the presence of CO;>~ was higher than the others.
These coexisting anions in water had trivial or positive influ-
ence on the phosphate adsorption capacity, suggesting a high
selective phosphate removal capacity of C-La-MOF with
a strong anti-interference ability.

3.3. Low-concentration phosphate removal

The treatment of phosphate faces a thorny problem in the case
that possible abnormal growth of microorganism occurs at
trace phosphate concentrations. Some countries use 30 ug PL ™"
to prevent eutrophication,®® and more harsh limitations are
adopted to reduce microbial growth in water supply pipe
networks.'”"* Thus, it is necessary to assess the removal ability
of our adsorbents at trace phosphate concentrations. Herein, an
adsorption test was conducted in synthetic solution with an
initial phosphate concentration of 100 pg P L™". The equilib-
rium concentrations of phosphate associated with the adsor-
bent dosage at different contact times are shown in Fig. 6. On
the whole, the residual phosphate concentration reduced as the
adsorbent dosage and contact time increased. Compared with
LCNFs (carbon nanofiber with embedded LaCO;OH nano-
particles) in our previous study,'® C-La-MOF removed trace
amounts of phosphate faster. The residual phosphate concen-
trations for C-La-MOF and LCNFs were 42.38 ug P L™ " and 79.56
ug P LY, respectively, when the dosage was 10 mg L™ " and the
contact time was 30 min. 20 mg L™' C-La-MOF could remove
phosphate to less than 30 ug P L' in 20 min to satisfy the
criterion for eutrophication prevention. The residual phosphate
concentration dropped below 10 ug P L' in 20 min when the
adsorbent dosage was greater than or equal to 30 mg L™, If the
contact time could be extended to 1 h, 30 mg L™" of adsorbent
could remove phosphate completely to fulfil harsher standards.
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o b e 20 mg/L
2 90 4 30mglL
g . v 40 mg/L
:.g * 50 mg/L
= 604 - " < 100 mg/L
o .
(8] L
8 "
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>
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Fig. 6 Effect of the adsorbent dosage on trace concentrations of
phosphate removal.
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3.4. Organic carbon removal

In addition to phosphorus, there are organic matters in water.
Hence, the removal characteristics of organic matters by C-La-
MOF should also be studied. Humic acid (HA) was used as
representative organic matter in this work because of its
extensive existence in the aquatic environment and its
bioavailability.>”~*° The HA concentration was expressed as TOC,
i.e., the HA removal rate was actually the TOC removal rate. The
TOC removal rates of different materials in 24 h and 1 h are
displayed in Fig. 7a and b, respectively. The HA removal rate gap
between C-La-MOF and G-La-MOF demonstrated the signifi-
cance of carbonization. The outer polysaccharide layer of G-La-
MOF and H3;BTC in La-MOF could be released into water,
consequently increasing the TOC content. In Fig. 7a, HA could
be removed by GC and La-MOEF-500, reflecting the role of the
carbon and La species in the adsorption of HA, respectively. The
adsorption of HA by carbon (GC) belonged to physical adsorp-
tion, and La species could complex with HA.*® Thus, 73.4% of
HA removed by C-La-MOF could be attributed to the synchro-
nous adsorption by the carbon and La species in C-La-MOF. In
addition, the surface of C-La-MOF was positively charged at pH
7 (Fig. S8t), and HA was negatively charged.®* Therefore, the
electrostatic attraction also facilitated the HA adsorption on C-
La-MOF.

La-MOF could not stably reduce TOC in water because of its
organic ligand, H;BTC. The removal of HA was achieved by
complexation with La sites. However, the La sites in the MOFs
were occupied in advance by organic bridging linkers (H;BTC)
also via complexation. Therefore, if the combining ability of La
sites with HA was much higher than that with H;BTC, H;BTC
would be released into water. If it was lower than or comparable
to that with H;BTC, HA could not be reduced. In either case,
TOC in water would not decrease.

The remaining three lanthanum-containing materials, La-
MOF-500, C-La,O; and C-La-MOF, achieved a high removal
rate, and the gap between their rates was small (Fig. 7a).
However, La-MOF-500 and C-La,0; required a long time to
achieve their high removal rates. In water treatment engi-
neering, a longer contact time means increased cost. Hence, it is
a great advantage that one material could obtain a high removal
rate in a short time. In this regard, C-La-MOF showed its
superiority. It achieved its highest removal rate in 50 min
(Fig. 7b), and subsequent variation of the removal rate over time
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E g <. = C-laMOF £ 16 - "
i) *® La-MOF-500 il = C-La-MOF A La-MOF
k] s 4 La-MOF e ¢ ClaQ, v GC
T v » v GC _ 40 ® La-MOF-500 <« G-La-MOF
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g 20 < G-La-MOF g 2 L : : ] : e
Q A O
X o x ¢ ¢ v Il @ a
44 « ¢ « < 0 ! ’ : : : :
0 200 400 600 800 1000 1200 1400 0 10 20 30 40 50 60
Time (min) Time (min)
Fig. 7 (a) and (b) show the TOC removal rates of different materials in

24 h and 1 h, respectively. The initial TOC concentration and the
dosage of sorbent were 3 mg TOC L~ and 100 mg L™%, respectively,
pH=7.
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remained stable. The rich and accessible C-La micro-interfaces
in C-La-MOF provided abundant adsorption sites and could
help HA rapidly reach the active sites, consequently shortening
the adsorption time. In comparison, the active sites in only
carbon (GC) or only La species (La-MOF-500) was less because of
the lack of the C-La micro-interfaces. Although C-La,03; had C-
La micro-interfaces, they might be not abundant because of its
unevenly distributed La species in every sphere (Fig. S5f and g7).
In some C-La,O; spheres, the La species were uniformly
distributed in and on the sphere. However, in other C-La,0;
spheres, the La species were deeply sealed in the sphere. In
either case, the C-La micro-interfaces that were far away from
the surface of the sphere were inactive for HA adsorption.
Therefore, C-La,0; did not show rapid removal of HA.

3.5. Simultaneous removal of phosphate and organic carbon

After studying the removal characteristics of HA, simultaneous
removal of HA and phosphorous was evaluated. The effects of
different HA concentrations on both phosphate removal and HA
removal were assessed at a constant phosphate concentration,
and the results are shown in Fig. 8. It can be observed in Fig. 8a
that the initial HA concentration had little effect on the phos-
phate removal rate, and 100 mg L™ C-La-MOF could remove
phosphate completely in 10 min at various HA initial concen-
trations, due to the stronger bond between the La species and
phosphate. Similarly, the coexisting phosphate did not affect
HA removal, which can be seen from the data comparison at an
initial HA concentration of 3 mg TOC L™ ' shown in Fig. 7b and
8b. In addition, the highest HA removal rates at various initial
concentrations were reached in 10 min. The low mutual influ-
ence of phosphate and HA can be attributed to the rich C-La
micro-interfaces that could provide sufficient adsorption sites
for both HA and trace amounts of phosphate. In Fig. 8b, the HA
removal rate increased with the initial HA concentration
increase due to the low initial concentration of HA. The initial
HA concentration in most of studies was >10 mg L™* or even
hundreds of mg L™ '.°*%* The removal rules and mechanisms
valid at high concentration would not apply to conditions of low
concentrations. At high concentrations, the removal rate
decreased with an increase in the initial concentration, which
may be due to the saturation of adsorption sites on the adsor-
bent surface.® However, the abundant adsorption sites of C-La-
MOF were sufficient for adsorbates at low initial concentration,
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A ® 3mgTOC/L HA
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Fig. 8 Removal rates of (a) phosphate and (b) HA by C-La-MOF with
different concentrations of HA. The initial phosphate concentration
was 100 ug P L% and the initial HA concentrations ranged from 0 to
5mg TOC L%
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and thus, the adsorption sites would not be the limiting factor
of adsorption. Therefore, in the low concentration range, the
higher the initial concentration, the greater the collision prob-
ability and the higher driving force for mass transfer, conse-
quently leading to the increase in the HA removal rate.

3.6. Separation characteristics of C-La-MOF

In water treatment engineering, it is important to separate the
adsorbents from water. Therefore, the separation characteris-
tics of C-La-MOF at different pH values was studied. Most C-La-
MOF sank to the bottom of bottles when the solutions were
shaken at 150 rpm. From Table S3,} the turbidity of the solu-
tions after sedimentation for 20 min at pH ~10 and ~11 was
95.87 NTU and 31.67 NTU, respectively, higher than that at
other pH values (2.89-13.27 NTU). In general, the raw water pH
was 6.5-8.5.% The turbidity after sedimentation in this pH range
was close to or even less than that of source water.”-* When
further filtration was carried out, the turbidity of solutions at
pH 2-12 was less than 1 NTU, which could satisfy the turbidity
requirement regulated in the Chinese National Standards for
Drinking Water Quality (GB5749-2006).

4. Conclusions

Carbon-coated lanthanum nanorods with a uniform distribu-
tion of La and C were rationally prepared through glucose and
La-MOF hydrothermal treatment and further carbonization.
The tuned carbon layer thickness of C-La-MOF by the hydro-
thermal time coordinated the balance between excellent phos-
phate intake and low lanthanum leakage. Compared with the
carbon-coated lanthanum composites fabricated by the same
method but with different lanthanum precursors, C-La-MOF
exhibited a superior phosphate adsorption capacity owing to
its structural uniformity. C-La-MOF revealed a strong anti-
interference ability and achieved a high phosphate capture
capacity over a wide initial pH range of 2-12 due to the strong
complexation between La and phosphate. Besides, it could
completely remove trace concentrations of phosphate and
achieve the highest HA removal rate within 1 h. Even when
phosphate and HA coexisted, the removal performance of both
species remained intact. Thus, C-La-MOF has remarkable
prospects for bacterial contamination control in practical water
treatment through the simultaneous removal of phosphate and
organic carbon.
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