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ABSTRACT: In recent decades, the tetracycline (TC) concentration in
aquatic ecosystems has gradually increased, leading to water pollution
problems. Various mineral adsorbents for the removal of tetracyclines have
garnered considerable attention. However, efficient adsorbents suitable for
use in a wide pH range environment have rarely been reported. Herein, a
phytolith-rich adsorbent (PRADS) was prepared by a simple one-step
alkali-activated pyrolysis treatment using phytolith as a raw material for oo
effectively removing TC. PRADS, benefiting from its porous structure, interactichd

which consists of acid- and alkali-resistant, fast-adsorbing macroporous
silica and mesoporous carbon, is highly desirable for efficient TC removal
from wastewater. The results indicate that PRADS exhibited excellent
adsorption performance and stability for TC over a wide pH range of 2.0—
12.0 under the coexistence of competing ions, which could be attributed to
the fact that PRADS has a porous structure and contains abundant oxygen-containing functional groups and a large number of
bonding sites. The adsorption mechanisms of PRADS for TC were mainly attributed to pore filling, hydrogen bonding, 7—x
electron-donor—acceptor, and electrostatic interactions. This work could offer a novel preparation strategy for the effective
adsorption of pollutants by new functionalized phytolith adsorbents.
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B INTRODUCTION method is recognized as the most cost-effective and practical
method for water remediation due to its simple operational
design, low investment and operating costs, and high removal
efficiency.'” Various adsorbents have been developed for the
adsorptive removal of TCs, such as biochar,"® mineral
materials,"” nanomaterials,”® and metal skeleton organics.21
However, conventional adsorbents still suffer from pH,
temperature, and low adsorption capacity to remove TC
molecules. Therefore, it is crucial to develop a method
applicable over a wide range of pH and temperature values,
which could efficiently and inexpensively remove TC from
wastewater.

Recently, natural minerals such as kaolin and montmor-
illonite have been commonly used for tetracycline adsorption
due to their excellent biocompatibility, efficient adsorption,
and wide distribution.””** S$iO,, as a kind of metalloid, usually
exists in the form of a silicic acid polymer, presenting a 3D
structure of Si—O connection containing siloxane (Si—O—Si)

Tetracycline (TC), a common antibiotic with low cost and
high consumption, cannot be fully metabolized or removed
from the environment." Concentrations in shallow ground-
water were measured at 184.2 ng/ L, and TC levels detected in
aquatic environmental matrices ranged from 1.1 ng/L to 12
mg/L.3 Domestic wastewater contained less TC than waste-
water released from pharmaceutical plants and aquaculture
farms.* These environmental compounds pose a significant risk
to human health and ecological integrity.” Consequently,
removing TC from natural water and wastewater has drawn
increasing attention to environmental and health issues.
Several methods have been developed to remove organic
pollutants from wastewater,’ for instance, adsorption, advanced
oxidation processes (AOP),” biological methods,”” membrane
separations,'”'" and so on. Although the AOP method is clean
and environmentally friendly, it is difficult and costly to
operate and is insufficient to purify wastewater completely. In
addition, the decomposition products of the AOP method may
still be biotoxic.'”~"* Biological methods are also limited by Received:  November 13, 2023
long remediation cycles and additional energy consumption by Revised:  January 25, 2024
microorganisms.'® The membrane separation method’s main Accepted: January 26, 2024
disadvantage is its relatively low separation efficiency due to its Published: February 7, 2024
application scenario, surfactant leakage, and susceptibility to

fouling.'® Compared to the other methods, the adsorption

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c09049

W ACS Publications 8287 ACS Omega 2024, 9, 82878296


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yili+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianguang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Tariq+Sarwar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoguang+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Liao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huaming+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huaming+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c09049&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09049?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09049?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09049?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09049?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09049?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c09049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

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

and silanol (Si—OH). There are also abundant hydroxyl
groups on the surface of SiO,. Accordingly, they react strongly
with other substances, and the application performance is
excellent.”* Biochar is a stabilized carbon matrix with a porous
structure that offers exceptional physicochemical properties,
including large specific surface area (SSA) and aromaticity, as
well as economic advantages and sustainability.”> Biochar is
widely used for the preparation of adsorbents; however, its
carbonization process often leads to the production of
pollutant gases.”® Phytolith is a noncrystalline mineral in living
plants through silica deposition of cell walls, fillings of cell
lumen, and intercellular spaces of the cortex near evaporating
surfaces within plant tissue when the roots absorb dissolved
silicon (monomeric silicic acid).””** Phytolith in plants has
been shown to have the potential for phytoremediation of
soils.”” Phytolith is composed mainly of silica with a small
amount of carbon, which combines the benefits of silica and
biochar as adsorbents. Thus, phytoliths can be used as suitable
raw materials for the preparation of minerals and biomass
adsorbents.

Appropriate modifications can further improve the phys-
icochemical properties of the pristine adsorbents. Alkali
treatment is a common method to change the surface
properties of adsorbents. Owing to the advantages of low
cost, environmental friendliness, high recovery rate, and the
ability to form mesoporous structures, the surface area
increased through synergistic interactions. NaOH promoted
the activation process with a large number of functional groups
(ma;éﬂ}; —OH) and basicity through carbon—oxygen bond-
ing.

This work aimed to prepare an effective adsorbent by a
simple NaOH alkaline activation one-step method using
phytolith. The obtained synthetic porous phytolith-rich
adsorbent (PRADS) exhibits a disordered and defective
structure. The effects of activation temperature, initial solution
pH, and coexisting ions on TC removal were also investigated.
The kinetic and thermodynamic properties and corresponding
mechanisms of TC removal by adsorbents are also presented.
The current study provides experimental evidence to inform
the development of high-performance functional adsorbents
derived from phytolith biomass for TC removal.

B RESULTS AND DISCUSSION

Adsorbent Preparation and Characterization. PRADS
was prepared by a simple one-step alkali-activated pyrolysis
treatment (NaOH, 900 °C) using phytolith as a raw material
to remove TC effectively (Figure 1a). A series of experiments
were designed to investigate the effects of the phytolith to
NaOH weight ratio and calcination temperature on the
adsorption performance during the alkali activation prepara-
tion of the materials. As can be seen from Figure S1, when the
mass ratio of phytoliths to NaOH changed from 1:0.75 to 1:2,
the removal rate of TC by the material showed an increasing
trend, but when the mass ratio was greater than 1:1, the
difference was not significant, and the optimal mass ratio of
phytoliths to NaOH mass ratio was determined to be 1:1,
taking into account the economic practicability. Figure S2
shows the weak removal of raw ore when the calcination
temperature was increased from 300 to 900 °C and then to
1000 °C. The removal of TC by the material showed an
increasing and then decreasing trend, so the optimum
calcination temperature was determined to be 900 °C. Heat
treatment temperature is the first and most important factor
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Figure 1. (a) Schematic illustrating the production of porous
adsorbents. (b) SEM images of phytolith. (c) SEM images of
PRADS. (d) Mapping of PRADS. (e) TEM images of PRADS. (f)
Rietveld refinement results of the XRD data for PRADS. (g) Pore size
distribution of pristine phytolith and PRADS.

affecting the pore development of carbonaceous materials.
Figure S3 shows that when the calcination temperature is
increased to 600 °C, the material starts to show a pore
structure, and when the temperature is increased to 900 °C, a
clear macroporous structure appears on the surface, which
indicates enhanced exposed surface area and pore size, and
when it goes to 1000 °C, the pore structure collapses due to
overreaction, which naturally results in the adsorption capacity
of the TC decrease.

Scanning electron microscopy (SEM) images showed that
the phytolith was lamellar (Figure 1b) and formed a distinct
porous structure after activation by NaOH (Figure 1c). Figure
1d shows that the macroporous ones are silicon structures and
the microporous and mesoporous ones are carbon structures.
Lattice distortions of the samples are observed in Figure le,
and these distortions indicate that there are intrinsic defects in
the PRADS samples with an increase in the level of defective
carbon. NaOH is well-known as an effective activation
precursor for disordered carbon materials. The alkali activation
method aids in increasing porosity and clearing up partially
blocked pores of phytolith and increasing activated surface area
and adsorption capacity.”” The resulting XRD pattern is shown
in Figure 1f, and Rietveld refinement of the powder XRD data
was performed by the computer program Jade 9.0. Two main
structures (Na (AISiO,): PDF#97-007-3511 and NaAl (SiO,):
PDF#04-010-3251) were used. The amorphous phase content
was calculated to be 77.6%, and the crystalline phases of the
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Figure 2. (a) Fitting to the pseudo-first-order and pseudo-second-order models of PRADS. (b) Fitting to the intraparticle diffusion of PRADS. (c)
Equilibrium adsorption isotherms fitted by the Langmuir and Freundlich models. (d) Adsorption isotherms of TC at different temperatures on

PRADS.

two types of sodium aluminum silicate were 18.1 and 4.2%,
respectively. The calculated details of the XRD refinement are
shown in Figure S4 with R = 5.77%, E = 4.92%, and R/E =
1.17. Figure 1g shows that PRADS mesopores and macropores
increased and are porous structures. Figure S5 shows that the
sample shows a type IV adsorption isotherm with an H3 type
hysteresis loop in the middle section, a capillary coalescence
system appearing for porous adsorbents. Table S1 shows that
the SSA of phytolith is enlarged from 5.859 to 60.233 m’/g.
The FTIR in Figure S6 shows that most of the peaks
disappeared after NaOH activation, which confirms the
reduction reaction of functional groups on the surface of the
phytolith after alkali modification. Consistent with that
reported by Nguyen et al. (2021), aromatic groups that
existed in the phytolith were characterized by the C=C
vibrations at 1575 cm™, indicating organic matter remaining
on the surface of phytolith. The vibration of Si identified the
silica phase Si—O—Si bonds at 1026 cm™ (asymmetric
stretching) and 771 cm™ (symmetric stretching)."’4 Zeta
potentials show the potential of the material at different pH
values. pHpyc decreases from 6.77 to 2.32, indicating that
PRADS shows negative potential values in both the broad
region of pH and the negative value increases with increasing
pH (Figure S7). The X-ray photoelectron spectroscopy (XPS)
spectrum in Figure S8 shows an increase of the Na element in
PRADS, which also proves the presence of sodium
intercalation, which causes the carbon lattice to swell and
form some micropores.””" XPS results in Figure S9 show an
increase of sp>-C defective carbon and an increase of oxygen-
containing functional groups, which is favorable for the
adsorption of TC.> After the alkali activation of the phytolith,
the carbon was exposed and encapsulated on the surface of
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silicon, forming a macroporous silicon and mesoporous carbon
structure. Meanwhile, the sodium intercalation caused the
carbon lattice to expand, and some micropores formed.

Adsorption Behavior of PRADS. The adsorbent dosage
affected the equilibrium adsorption capacity (Q.) and
adsorption rate (R) of TC. With the increase of PRADS
dosage, the adsorption capacity (Q.) showed a general
decreasing trend, with a rapid decrease followed by a gradual
decrease, and the removal rate of TC increased, with a rapid
increase followed by a slow increase (Figure S10). Although
the increase in PRADS dosage provided more adsorption sites
for adsorption and increased the overall adsorption capacity,
the total amount of TC adsorbed in solution was fixed, and the
amount of adsorption dispersed per unit mass of adsorbent
decreased with the increase in dosage.’® As the dosage
increased, the adsorption rate of TC from the samples
increased at adsorption equilibrium. When the dosage of
PRADS was increased from 0.5 to 1.0 g/L, the amount of TC
adsorbed significantly increased, whereas when the amount of
the addition was increased to 2.0 g/L, the amount of TC
adsorbed increased only by a trace amount. Based on these
experimental results, the PRADS dosage used in the
subsequent experiments was set at 1.0 g/L, which resulted in
a satisfactory removal rate and a good adsorption rate.

The adsorption results of PRADS are affected by the initial
TC concentration. Figure 2a shows that the adsorption
capacity for TC increases with the initial concentration.’”
This result is related to the driving force. Higher initial
concentrations correspond to stronger driving forces that can
be generated to overcome the mass transfer resistance between
the solution and the adsorbent. However, the adsorption
capacity of PRADS on TC was rapidly enhanced in the initial
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Figure 3. (a) Effects of pH on the adsorption of TC on PRADS. (b) Effect of coexisting ions on the adsorption performance of PRADS. (c)

Recyclability of PRADS for adsorption of TC.

stage and slowly increased in the later stage. Although the
adsorption capacity of PRADS increased with the initial TC
concentration, the removal rates were reversed. Therefore,
based on these results, the optimal initial concentration of TC
was 10 mg/L.

The adsorption kinetics involving the adsorption mechanism
and potential rate control phases were studied in detail (Figure
2a). Rapid adsorption was observed for the first 10 min, after
which the adsorption rate gradually decreased. It is rapidly
adsorbed on the surface in the initial phase and slowly diffused
in the interior of the NPs in the second phase. The pseudo-
first-order model and the pseudo-second-order model or the
Weber intraparticle diffusion model were used to assess the
adsorption process of TC.*® The kinetic parameters are shown
in Table S2. The R, values of all of the pseudo-second-order
models are above 0.96, and the equilibrium adsorption amount
(Q.) is very close to the experimental data, indicating that the
adsorption kinetics are consistent with the pseudo-second-
order model.

The Weber intraparticle diffusion model was used to
investigate the mechanism of adsorption kinetics further.””
As can be seen from Figure 2b, none of the straight lines fitted
by intraparticle diffusion passed through the origin of the
coordinates, indicating that the adsorption rate is not
controlled by Weber intraparticle diffusion alone and that
the boundary layer diffusion effect also has some influence on
the adsorption rate. From the fitted curves, the whole
adsorption process can be divided into two linear stages.
Stage 1 is the initial stage of adsorption. The adsorption
process is mainly surface adsorption and boundary layer
diffusion, and the adsorption rate is fast. As the adsorption
reaction proceeds, stage 2 is intraparticle diffusion. As the
concentration of tetracycline hydrochloride remaining in the
solution decreases, there are fewer vacant sites on the surface
of the adsorbent, and the molecules of tetracycline hydro-
chloride already adsorbed on the surface of the adsorbent
diffuse into the interior of the PRADS particles, the rate of
adsorption is slower, and the adsorption reaction reaches the
equilibrium state gradually.

Table S3 shows the results of intraparticle diffusion fitting.
The data show that the phase 1 diffusion rate constant k,;
value is higher than the phase 2 diffusion constant k,, , values. It
indicates that with the prolongation of the adsorption reaction
time, the pores on the surface of the PRADS adsorbent were
occupied by a large number of tetracycline hydrochloride
molecules and the adsorption rate of the adsorbent decreased.
The nonzero C values for both phases indicate that
intraparticle diffusion does not control adsorption during the
kinetic process. Meanwhile, the constant C increases with
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increasing concentration, implying that the thickness of the
boundary layer adsorption gradually increases with increasing
concentration of tetracycline hydrochloride solution, and the
influence of the boundary layer effect also increases.

The adsorption capacity of PRADS was enhanced with an
increase of initial TC concentration (Figure 2c). This may be
due to the prominent driving force provided by the high TC
initial concentration, which controls the resistance to the
transfer of adsorbate from the liquid fraction to the solid
fraction in the adsorption system.*” In order to investigate the
adsorption behavior between TC and PRADS, two isotherm
models, the Langmuir model and the Freundlich model, were
used to fit the experimental data (Table S4). The Langmuir
model assumes that the adsorbent has homogeneous sites, that
adsorption is monolayer, and that there are no interactions
between molecules and the adsorbent. The Langmuir fitted the
experimental data well with the highest correlation coefficient
(R, > 0.838), suggesting that the TC adsorption of PRADS
may be monolayer and may be related to chemisorption. The
bonding energy between TC molecules and the active sites on
the adsorbent surface increased with an increase in temper-
ature at different temperatures, and the Q,,,, and k; parameters
also increased. The separation factor known as dimensionless
constant R; was also recognized between 0 and 1, confirming
the favorable adsorption process.’

The Freundlich model describes incompletely reversible
adsorption involving the formation of multilayered adsorption
layers on the PRADS, with the heat of adsorption and aflinity
distributed over a nonuniform surface.’® The Freundlich
model also fitted the experimental data well (R, > 0.988),
indicating the presence of physisorption on the inhomoge-
neous surface of PRADS. The kg value characterizing the
amount of adsorption increases with increasing temperature.
The nonhomogeneous factors 1/n describing the bond
distributions are all less than 1, indicating that the PRADS
surface has excellent adsorption affinity. In summary, the
adsorption behaviors of TC on the surface of PRADS were
physisorption and chemisorption, but physisorption was
dominant.

Adsorption experiments at different temperatures (288, 298,
308, and 318 K) were carried out on the samples (Figure 2d).
From the results of the thermodynamic parameters in Table
SS, AG® is negative and ranges from —20 to 0 kJ-mol™', and
the adsorption takes place mainly through physical interaction.
The van der Waals force dominates the force, and the
adsorption occurs mainly by spontaneous reaction.*’ Mean-
while, the absolute value of AG? increased with increasing
temperature, but the increase was slight, indicating that the
adsorption process was not affected much by temperature. AH°
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is less than 40 kJ-mol™' and physical adsorption is dominant,
indicating that the adsorption process is a heat-absorbing
reaction. The AH°® for the adsorption of tetracycline
hydrochloride by PRADS was 7.178 kJ-mol ™, indicating that
the adsorption mechanism of tetracycline hydrochloride with
PRADS was physisorption. The positive value of AS indicates
that the adsorption process is irreversible, and many
tetracycline hydrochloride molecules are adsorbed on the
surface of PRADS as the adsorption proceeds. The water
molecules around tetracycline hydrochloride gradually de-
creased, the free water molecules increased, and the solid—
liquid interface disorder increased.

Stability and Potential Application of PRADS. The
initial pH of the solution was considered to be one of the
critical factors affecting the adsorption process by changing the
surface charge of the adsorbent to the present form of the
adsorbate. TC is a hydrophilic amphiphilic molecule with a
variety of functional groups, under different pH conditions. TC
can exist in four different forms, namely, TCH** (pH < 3.3),
TCH® (3.3 < pH < 7.7), TCH™ (7.7 < pH < 9.7), and TCH*~
(pH > 9.7). The surface charge of the adsorbent plays an
important role in the removal of pollutants. Figure 3a shows
that the removal of TC does not greatly vary for pH = 2—12,
and the adsorbent is suitable for use in strongly acidic and
alkaline environments. The pH,,. of PRADS was 2.32, which
indicated that the surface of PRADS was positive when the
solution pH < 2.32, and the electrostatic repulsion between
TCH?" and PRADS inhibited the adsorption of TC. Similarly,
when pH > 7.7, the surface of PRADS is negatively charged
and between TCH™ and TC?> is a strong electrostatic
repulsion. In this case, the hydrogen and 7z bonds formed
between TC and PRADS are the two main forces in the
adsorption process. Overall, PRADS showed significantly
superior TC adsorption capacity at all pH conditions,
suggesting that electrostatic effects are negligible in the overall

8291

adsorption process.”” In contrast, the adsorption capacity of
many adsorbents for TC is severely limited by electrostatic
repulsion.””** PRADS samples achieved similar removal of TC
in pure water (Figure 3a) and real water (tap water and Lake
Donghu water) (Figure S11), suggesting its excellent
adaptability in natural water. PRADS maintains a stable and
excellent adsorption capacity over a wide pH range, which may
give it an anti-interference advantage in environmental
applications. The performance of other adsorbents is shown
in Table S6, which can be compared to show that PRADS is
suitable for a wide range of pH values and has a fast rate of
adsorption, a short time to reach equilibrium, and effective
adsorption.

Antibiotic production wastewater contains a large number of
salts, and coexisting ions in the wastewater will compete with
antibiotics for the adsorbent’s adsorption sites, thus affecting
the removal efficiency. This experiment explored the effect of
common coexisting ions (CO5*~, SO,*~, H,P0O,*7, NO;~, CI")
on the adsorption of TC by PRADS. The mechanisms by
which the strength of coexisting ions in solution affects the
adsorption process include the following two ways.* The
“extrusion” effect, i.e., the adsorption of antibiotics, decreases
with increasing ionic concentration. The “extrusion effect”,
whereby ionic salts significantly affect antibiotics’ conforma-
tional and electrostatic properties, decreases their solubility
and thus affects their adsorption capacity. The results, as
shown in Figure 3b, showed that SO,>7, H,PO,>", and Cl™ had
a less inhibitory effect on the adsorption of TC, and CO;*~ had
a significant impact on its adsorption capacity. The main
reason is that with the addition of Na,COj;, the pH of the
solution increases, increasing the electrostatic repulsion
between PRADS and TC. As the solubility of NO;™ increases
to 50 mM, the adsorption decreases slightly, known as the
“extrusion effect”.
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In the practical application of adsorbents, recyclability is a
crucial economic indicator, which reduces the cost of
adsorbent use and the disposal cost of the waste adsorbent.*’
The key to recycling the adsorbent is to desorb and regenerate
the adsorbent after use, so the regeneration effects of three
desorption methods, namely, 0.2 M NaOH washing, 0.2 M
dilute hydrochloric acid washing, and ethanol washing, were
investigated. The results of cyclic adsorption—desorption
experiments are shown in Figure 3c. After five cycles,
PRADS maintained a high adsorption capacity, and the
removal rates of the three adsorbents were 70.89, 61.71, and
44.89%, respectively, with the best desorption effect by the 0.2
M NaOH washing method. There was a certain decrease in
adsorption after each cycle because TC occupied some of the
adsorption sites of PRADS, and this irreversible adsorption
may be related to chemisorption. The above-mentioned
research demonstrated the feasibility of this route proposed
in this work using a phytolith to prepare PRADS materials.
Approximately S kg of phytoliths can prepare 1 kg of PRADS
materials, where the process requires 5 kg of NaOH and 160 L
of water. From a previous experimental study, we estimated
that the total cost of the raw materials was about $ 35.116, and
the total cost of energy consumption was about $ 112.43
(Table S7).

Adsorption Mechanisms of TC on PRADS. The
mechanisms of TC adsorption included pore-filling, electro-
static interaction, surface complex interaction, hydrogen
bonding, pore diffusion, and 7—7w EDA interaction.*”*® In
this study, correlation analysis and characterization of biomass
adsorbing TC were performed to investigate the mechanism of
TC adsorption on a biomass adsorbent.

Figure S12 shows that TC pores were filled on the
adsorbent, and the pores were reduced. Table S1 shows that
after the adsorption of TC by PRADS, the surface area and
pore volume were reduced, and the pore size was increased,
indicating that the pore filling plays an essential role in the TC
adsorption process. The carbon structure in PRADS promotes
the formation of 7—m EDA interactions between the ring
structure in the tetracycline molecule and the adsorbent
carbon. Figure 4a shows the change in zeta potential before
and after pH adsorption, and pH,,. increased from 2.32 to
3.05, which indicates the presence of electrostatic interaction
before and after adsorption. However, since excellent TC
adsorption capacity was exhibited throughout the pH
conditions, it indicated that the electrostatic effect during the
whole adsorption process was weak and negligible. The blue
shift of C—O stretching after TC adsorption in Figure 4b
implied bond stabilization, which indicated that the material
reacts with TC due to hydrogen bonding. The results indicate
that hydrogen bonding is crucial in TC adsorption because C—
O and C=O functional groups are essential for hydrogen
bond formation. Similar results were reported in previous
studies in which the C—O and C=O functional groups
influenced the adsorption process in carbon.*”°

The significant increase in elemental N after adsorption is
shown in Figures S13 and S14, indicating that TC is adsorbed
on the adsorbent or reacted with the PRADS. In Figure S13,
the intensity of C 1s was decreased due to the 7— EDA effect.
C 1s was divided into 4 peaks that correspond to binding
energies of 284.8, 285.0, 286.2, and 289.1 eV, which are
attributed to sp>-C, sp>-C, C—0, and O—C=O0, respectively.’'
Figure 4c shows a reduction of sp>-C defective carbon for the
defective sites to be adsorbed, and the benzene ring structure
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in the TC molecule contains an aromatic solid structure that
acts as an electron acceptor in the 7—z EDA process. Figure 4d
shows the reduction of C—O and other oxygenated functional
groups.

As a result, based on the comprehensive surface and
structure analysis of the PRADS sample after TC adsorption,
we speculate that several robust interactions (H-bond,
electrostatic interaction, and 7—z EDA) and pore filling have
improved the adsorption capacity of the PRADS sample

(Figure S).

~
Electrostatic
interactions

Figure S. Adsorption mechanism of TC captured by PRADS.

Bl CONCLUSIONS

We proposed a cost-effective and environmentally friendly
technique for the preparation of phytolith-rich adsorbents
(PRADS) for tetracycline antibiotics. The obtained PRADS
with alkali activation treatment shows a greater SSA than
phytolith-rich ore, a well-developed porosity, an abundance of
oxygen-containing functional groups, and a vast number of
bonding sites, which are beneficial for the adsorption of TC
molecules. The adsorption kinetics results indicated that the
adsorption process of PRADS to TC is mainly surface
adsorption, boundary layer diffusion, followed by intraparticle
diffusion, which fits well with the pseudo-second-order kinetics
and the Langmuir isotherm model. The results of the
adsorption isotherms showed that the surface adsorption of
PRADS on TC was dominated by physisorption, accompanied
by chemisorption. For adsorption performance, PRADS
showed high stability and reusability in the presence of
competing ions coexisting over a wide pH range (2.0—12.0).
TC was presumed to be adsorbed on PRADS through pore
filling, H-bond, electrostatic, and 7—z EDA interactions. In
summary, PRADS could be regarded as a promising material
for the adsorptive purification of TC-containing water under
real-life conditions.

B EXPERIMENTAL SECTION

Materials and Chemicals. The untreated phytolith-rich
ore was produced from a mine in Fengcheng, Jiangxi, China,
with a total carbon content of 132.96 + 3.47 g/kg (Figure
S15). Tetracycline (TC) was purchased from Macklin Inc.
Shanghai, China. Sodium chloride (NaCl), sodium nitrate
(NaNO;), sodium sulfate (Na,SO,), sodium carbonate
(Na,CO;), and sodium dihydrogen phosphate (NaH,PO,)
were purchased from Aladdin Reagent Co. Ltd. (Shanghai,
China). China National Pharmaceutical Chemical Reagent Co.
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supplied sodium hydroxide (NaOH). These chemicals were
used as received without further purification. Deionized water
was used for TC adsorption experiments.

Preparation of the Adsorbent. Phytolith was mixed with
NaOH in a mass ratio of 1:1 and then held in a tube furnace
under a N, atmosphere at different temperatures with a heating
rate of 10 °C/min for 2 h. Phytolith-rich adsorbents obtained
from this activation process were designated as PRADS, which
were washed several times with DI water until the pH value of
the filtrate reached 7.0 + 0.2, then kept in an oven at 80 °C for
drying, and finally sealed in a container for further
experimental use.

Adsorption Experiments. PRADS adsorption experi-
ments on TC were carried out by adding PRADS to a 50
mL solution system at different temperatures. The mixture of
PRADS and pollutants was rotated in a water bath for 2 h. The
effects of adsorbent dosing, initial pollutant concentration,
inorganic salt, pH, and recyclability were examined. Samples
were taken at regular intervals, the solution passed through a
0.45 pm filter head, and the absorbance values were
determined at 357 nm. The concentrations of TC (C, and
C.) in the adsorption system were calculated. The removal of
TC by PRADS and the equilibrium adsorption Q. were
determined by eqs 1 and 2, respectively.

(Co - Ce)V

m

(G- C)

Q.= (1)

R (%) = X 100%

Co (2)

where Q, (mg/g) is the equilibrium adsorption of TC by the
adsorbent, C, (mg/L) and C. (mg/L) are the initial and
equilibrium concentrations of TC, respectively, V (mL) is the
volume of TC solution, m (mg) is the amount of adsorbent,
and R (%) is the adsorption rate of TC.

Characterization. The surface morphology of the sample
was observed using a scanning electron microscope (Zeiss
GeminiSEM 500, Germany); the elemental distribution was
determined by an energy spectrometer (EDS, Oxford, X-Max),
and the microstructure of the samples was investigated by
transmission electron microscopy (TEM, FEI TF20, Ger-
many). Changes in the phase composition of the adsorbent
were investigated by using an X-ray diffractometer (Bruker
Corp., Germany). XPS (ESCALAB Xi+, USA) and Fourier
transform infrared spectroscopy (FTIR, BRUKER Tensor I,
Germany) analyzed the chemical functional groups, elemental
compositions, and bonding states. PRADS and pore distribu-
tion of the adsorbent were determined by a nitrogen
adsorption—desorption method using a surface area analyzer
(BET, ASAP 2020 Plus, Micromeritics, America). The zeta
potential analysis of samples was determined using a Zeta
potential Tester (Zetasizer NanoZS, Malvern, UK) at different
solution pH (2.0—12.0).

Data Analysis. In order to better understand the
adsorption process, two classical adsorption kinetic models,
the pseudo-first-order model and the pseudo-second-order
model, and two classical adsorption isotherm models, the
Langmuir model and the Freundlich model, respectively, were
used to fit the kinetic and isotherm studies as well as the
Weber intraparticle diffusion model. The detailed equations for
the above model are shown below.

The pseudo-first-order kinetics model
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Q,=Q (1-¢") 3)
The pseudo-second-order kinetics model
Q= k,Q ’t

1+kQt (4)
The intra-particle diffusion kinetic model
Q,=kt'*+ ¢ (5)

where Q. (mg-g™") is the equilibrium adsorption capacity; the
adsorption rate constants k; (min™') and k, (g-(mg-min)~")
are the quasi-first-order and quasi-second-order kinetics,
respectively. k; (mg-(g:min'/?)™") is the diffusion rate constant
within the particle. The constant C; is associated with the
thickness of the boundary layer.

The Langmuir model

QmKLCe
© 1+ KC (6)
The Freundlich model
Q.= K" 7)

where K; (L mg™") and Kp (mg!™"" LY" g7!) denote
Langmuir and Freundlich constants, respectively. The
parameter k; is related to the affinity and adsorption energy
of the adsorption site and the parameter Kp is related to the
adsorption capacity.

InK, = —AH . AS
RXT R (8)
I<d = Q—e
C, (9)
AG° = —-R X T X In K, (10)

where K; (L-mol™) is the Freundlich isotherm constant, R is
the ideal gas constant (8.314 J mol™"K™), and T is the
temperature (K).

Reusability of Adsorbents. Adsorption experiments were
carried out by adding 50 mg of PRADS to 50 mL of TC
solution, recovering the used material, desorbing the material,
drying it to continue the adsorption experiments, and repeating
the cycle of adsorption—desorption experiments five times.
The adsorbed PRADS was transferred to a beaker, and 50 mL
of 0.2 M NaOH, 0.2 M HC], and ethanol were added and
placed in a water bath at 25 °C with stirring for washing and
filtration, and the process was repeated five times with a
stirring time of 30 min.
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