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Abstract: A novel 2D/3D hybrid nanocomposite adsorbent (TCBD/D318) was
synthesized by confining 2D porous organic polymers (POP, TCBD) in pores of
commercial 3D anionic exchanger beads (D318) using a facile repetitive deposition
method, and evaluated for the removal of four phenolic contaminants (phenol, 1-
naphthol, 4-nitrophenol and 4-chlorophenol) from water. The immobilization of TCBD
in D318 conferred on the adsorbent a robust water stability, a rapid solid-liquid
separation (in 10 s after dispersion in water), and an enhanced anti-self-aggregation
property. The effects of pH, contaminant type, coexisting inorganic anions and natural
organic matter (NOM) on adsorption performance were studied. TCBD/D318 exhibited
high adsorption capacities (Qe) for all four phenolic contaminants, and these were only
slightly influenced by pH and the presence of coexisting inorganic anions and NOM,
due to the combined effects of multi-binding-interactions and hierarchical pore-
structures. Another equally important merit of the TCBD/D318 was its remarkably
improved utilization efficiency (atom economy) of functional groups. The adsorption
mechanisms were investigated by a combination of physico-chemical model fitting,
instrumental analysis and chemical computation. These displayed a hierarchical-pore-
structure-induced multi-step diffusion adsorption involving multi-binding-interactions,
principally electrostatic attraction, n-m interaction, and H-bonding; the contaminants
were more inclined to be bound onto TC units of TCBD in the nanocomposite.
Regeneration tests involving 10 adsorption-desorption cycles showed that TCBD/D318
maintained a high Qe, confirming its effective reusability. The results have
demonstrated the outstanding potential of TCBD/D318 for the removal of phenolic
compounds from water, and more generally the possibilities of using POP-based 2D/3D
hybrid nanocomposites in wider environmental applications.
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1. Introduction

In many countries throughout the world the provision of clean and safe drinking
water is an increasing problem owing to the deterioration of natural water sources [1].
In particular, phenolic contaminants, mainly originating from industrial, agricultural
and domestic activities, pose serious hazards to the water environment [2]. These
contaminants have attracted continuous attention over many decades; for example, the
World Health Organization proposed a maximum admissible concentration (MAC) for
phenolic substances in drinking water in 1958 [3], and the US Environmental Protection
Agency (EPA) assigned a MAC range-toxicity relationship in 1984 [4]. However, their
removal from contaminated waters still remains important (especially in developing
countries with rapid expansion of industries related to these compounds), considering
their direct human-life-threat [5], linkages to carcinogenic disinfection-by-products [6],
and production of unpleasant tastes and odour in water [7].

Adsorption is a facile, effective and reliable separation method among many
techniques for the removal of pollutants [8]. In the adsorption process, the nature of the
adsorbent is fundamental to its feasibility and efficiency [9]. The design and
manufacture of novel high-performance adsorbents, with greater adsorption capacity
and longer service life, continue to be of research interest and technical challenge
[10,11]. One approach in recent studies is to increase the number of functional groups
for adsorption [12]. In view of the structural characteristics of phenolic contaminants,
specifically the anionic phenolic hydroxyl groups and aromatic rings, multiple
synergistic interfacial interactions (e.g. electrostatic attraction, m-m interaction, H-

bonding, etc.) can be achieved by employing positively charged amines, aromatic-rings,
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and/or oxygen-containing groups, on the adsorbent surface [13]. Another cost-effective
way is to improve the accessibility (i.e. the utilization efficiency) of the engineered
groups towards the contaminants [14]. For example, this might be done by constructing
a specific geometry (such as a lamellar two-dimensional (2D) structure) of the
adsorbents to increase the ratio of groups on the surfaces [15,16].

Among all the adsorbents trialed for the above purposes, engineered nano-materials
(ENMs) have major potential [17,18], and porous organic polymers (POPs), in
particular, have shown great promise in water remediation [19-21]. Supported by strong
covalent bonds between light elements (C, N, B, O, H and so on), POPs possess great
versatility in the number/type of chemical groups and pore structures, high surface area
and structural stability [22-24]. Lamellar 2D ENMs, with well-designed structures, are
able to combine the features of ENMs with the geometrical advantages of 2D materials.
However, notwithstanding the above theoretical merits, most 2D ENMs, present non-
negligible application limitations, including self-aggregation and inadequate recycling
after use due to their nanoscale size [17,25]; such limitations reduce the treatment
efficiency, increase the economic cost, and generate secondary environmental risks [26].

Integration of ENMs into macroscopic 3D porous carriers to construct novel hybrid
adsorptive systems has been shown to be an approach that can overcome the above
limitations and has considerable promise [27]. For example, the porous structure of
carriers prevents self-aggregation of ENMs [28], and the facile collection and
regeneration of the macroscopic adsorbents after use prevents the release of ENMs into
the aquatic environment [29]. Based on the previous research by the authors and other
researchers, polymeric ion exchangers are considered to be a suitable type of carrier for
2D ENMs in water remediation [26,30,31]. Such materials have abundant

interconnected pores which provide accommodation for ENMs to tightly anchor on the
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organic host substrate, due to the excellent compatibility between them. A reasonable
selection of ion exchangers, such as some anion exchangers with numerous amino- and
oxygen-containing groups, can aid the mass transfer and adsorption of phenolic
compounds. With incorporation of 2D POPs into 3D ion exchangers, the geometrical
features of the confined hierarchical pore structure in the 2D/3D hybrid adsorbents are
believed to influence the adsorption performance [32]. However, as far as the authors
are aware, the development of an adsorbent for organic contaminant removal in water
treatment, by the integration of 2D POPs with 3D polymeric ion exchangers, has not
been reported to-date.

In this paper, we demonstrate a successful proof-of-concept design and preparation
of a novel adsorbent based on impregnating 2D POP (denoted as TCBD, formed with
trimesoyl chloride (TC) as Cz symmetric binding points and benzidine (BD) as C: links)
into an inexpensive commercial 3D polyamine anion exchanger (D318) beads, via
alternate deposition at room temperature. The integration of TCBD with D318 carrier
in the preparation of a novel hybrid adsorbent (TCBD/D318), confers it with a
remarkably greater water stability, more rapid solid-liquid separation after use, and
enhanced anti-self-aggregation ability. The performance of the TCBD/D318 was
evaluated systematically for the adsorption of four typical phenolic compounds (phenol,
1-naphthol, 4-nitrophenol and 4-chlorophenol) from water. High adsorption capacities,
with improved atom economy, lower environmental sensitivity (to pH, coexisting
inorganic salts and natural organic matter (NOM)), and reliable reusability, were
demonstrated. The related interfacial adsorption mechanism was clarified by a
combination of physico-chemical model fitting, instrumental analysis and chemical

computation.
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2. Experimental section
2.1 Materials

TC, BD, all four phenolic compounds (pH-dependences of species are shown in
the Electronic Supplementary Information (ESI), Fig. S1), and humic acid (HA) were
purchased from Sigma-Aldrich Inc. The D318 beads, provided by Jiangsu Jinkai Resin
Industrial Co. Ltd, were selected for nanoparticles loading in this work for three reasons:
(i) the polyamine groups of the D318 provide extra adsorption sites for anionic
contaminants; (ii) the potential Donnan effect [33] exerted by the immobilized charged
polyamine groups of D318 was expected to enhance permeation and pre-concentration
of the target anion pollutants within the adsorbents; (iii) the polyamine groups in the
D318 could act as anchor sites to fix TC units onto pore surfaces, for facilitating further
TCBD growth on the surface in the repetitive deposition process. All other chemicals

were bought from Sinopharm Chemical Reagent Co. Ltd. Water in all experiments was

of ultrapure quality (18.2 MQ-cm™).

2.2 Synthesis

Stock solutions A and B were prepared by dissolving TC (1.06 g) and BD (0.32 g),
respectively, in ethyl acetate (30 mL). Solution B was added dropwise into solution A
in a flask under magnetic stirring at 0°C. The TCBD synthesis reaction, as illustrated in
the ESI (Fig. S2), was allowed to proceed at 25°C for 24 h. The resultant yellow solid
powder (TCBD) was obtained after filtration, washing three times with water-ethanol
solution (volume ratio of 1:1), and drying at 60°C under vacuum. The basic
characterization results of TCBD are given in the ESI (Text S1 and Fig. S3) to confirm
the porous structure with designed functional groups.

The 2D/3D hybrid adsorbent TCBD/D318 was synthesized using a repetitive
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deposition method, as depicted in Fig. 1. One cycle of the method comprised the
following two steps: (1) D318 beads (1 g) (or all beads from the previous cycle) were
soaked in solution A at 25°C under stirring for 20 min to anchor the C3 symmetric
binding points, and the beads were filtered out; (2) the beads was then soaked in
solution B at 25°C under stirring for another 20 min, and filtered out. Dry weights of
the beads were continuously recorded (ESI, Fig. S4) after each cycle, and reached a
maximum value after six cycles. The final beads, with the maximum load of TCBD and
the maximum adsorption capacity, were washed by a water-ethanol solution (volume
ratio of 1:1), and dried at 60°C under vacuum.

-Fig. 1-

2.3 Batch adsorption and cyclic tests

Synthetic water was prepared by dissolving certain amounts of phenolic
contaminants and other coexisting materials (inorganic salts, humic acid, and/or HCI
(NaOH) solution to adjust pH) in water. Except for isothermal adsorption experiments,
the initial concentration of phenolic contaminants was 100 mg/L. Adsorption tests were
carried out in Erlenmeyer flasks shaken in air-bath incubators after the selected
adsorbent (0.05 g in 100 mL) was added into each flask. The supernatant of the treated
water was filtered by 0.45-um membrane, diluted using glycine-HCI buffer solution
(pH=2.3, to avoid pH effect on concentration determination), and then used to
determine the contaminant concentration by UV absorption methods. The adsorption
capacity (Qe), as well as the isothermal and kinetic adsorption model parameters, were
calculated using methods described in the ESI, Text S2.

After the equilibrium adsorption was reached, the TCBD/D318 beads were filtered

from the flask, regenerated using 10 mL of water-ethanol solution (volume ratio of 1:1)
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with HCI (pH=2) and Na>S04 (0.5 wt.%), and washed using high purity water until the

pH of the effluent reached 7. The beads obtained were then used for the next cycle.

2.4 Adsorbent characterization and chemical computation

Characterization of the adsorbents involved a range of techniques including the
following: elemental composition analysis using a vario EL Ill elemental analyzer;
morphological observations using a JEOL JEM-7600F scanning electron microscope
(SEM) and a JEM-2100F transmission electron microscope (TEM); chemical structure
using a Bruker Vector-22 Fourier transform infrared (FTIR) spectrometer, a Hitachi
UH5300 UV-visible light spectrometer, a Rigaku D/max 2500V L/PCX-ray diffraction
(XRD) spectrometer, and ESCALAB Xi+ X-ray photoelectron spectrometer (XPS);
zeta potential (ZP) determination using a Malvern Nano-Z Zetasizer; and pore structure
determination using a Micromeritics ASAP-2460 C automatic analyzer with No.

Gaussian 09 software was used for density functional theory (DFT) computations
(using B3LYP hybrid function) of optimized spatial configurations of a typical fragment
of the adsorbent and typical species of phenolic compounds, as well as pairwise
complexes and corresponding binding energies (B.E. = |Ecomplex-ETc/BD-Econtaminant],
where Ecomplex, ETc/sp and Econtaminant Were energies of the optimized geometry of a
complex, the fragment of the adsorbent and the contaminant, respectively) between
them. The fragment of the adsorbent contained one TC unit and one BD unit, by
comprehensively considering computational cost and accuracy. The M06-2x/6-31+G(d)

basis set method was employed to optimize all geometries [34-36].

3. Results and discussion

3.1 Characterizations of TCBD/D318
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The TCBD/D318 adsorbent was designed according to the synthesis method
summarized in Fig. 1. During the preparation the loading percentage of TCBD in the
2D/3D hybrid adsorbent, which is a basic parameter of nano-composites, was calculated
using the dry weight of beads after every cycle of deposition (ESI, Fig. S4). The
maximum loading was reached after six cycles, and the corresponding loading
percentage was calculated to be ~22 wt.% using a weighing method. Since TCBD had
much higher Qe for the four phenolic compounds than D318, as shown in the ESI (Fig.
S5), a higher TCBD loading percentage was preferred. The TCBD content in the final
TCBD/D318 after six cycles was also calculated using the elemental analysis method
(ESI, Table S1 and Text S3), and a similar result (22.9 wt.%) was obtained.

The micromorphology of TCBD/D318 was observed by SEM and TEM (Fig. 2(a-
d)). Compared to the SEM section image of D318, the image of TCBD/D318 showed
many lamellar structures with curled edges, indicating the loading of 2D TCBD in the
adsorbent. TEM images clearly demonstrated that nano-platelets of TCBD were present
in the D318 matrix, and were well-distributed and without significant aggregation,
which were features considered beneficial for contaminant adsorption.

-Fig. 2-

FTIR spectra (Fig. 2(e)) and XRD patterns (Fig. 1(f)) also revealed the
incorporation of TCBD components in the final nanocomposite. In Fig. 2(e), peaks of
TCBD/D318 at 1740 (end carboxyl groups), 1680 (amide 1), 1620 (C=0 conjugated
with benzene rings), and 1587 cm™ (amide I1), and within the fingerprint region
(benzene rings), were characteristic vibration adsorption bands of TCBD. These
oxygen- and nitrogen-containing groups, as well as aromatic rings, are all favored for
binding interaction with phenolic compounds [13]. XRD patterns of TCBD/D318

showed a typical crystal structure of TCBD, which could provide a uniform distribution
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of the above functional groups. The 26 value of 6.56° indicated a crystal interplanar
spacing of 13.5 A (according to Bragg’s law), consistent with the DFT calculated results
of ~14 A as shown in Fig. 1.

Isotherms of N2 adsorption-desorption (Fig. 2(g)) showed that the specific area of
the adsorbent beads after loading TCBD decreased from 20.33 to 16.62 m?/g, whereas
the average pore diameter increased from 17.33 to 27.51 nm. The inset figure of Fig.
2(g) illustrates the hierarchical pore structure in the 2D/3D hybrid adsorbent: after the
deposition of TCBD, pores with diameters smaller than 10 nm were fewer due to the
filling of TCBD nano-platelets; the decreased proportion of small pores increased the
relative proportion of large pores. Such changes of pore size distribution engendered
the decrease of surface area but the increase of average pore size.

The ZP-pH curves summarized in Fig. 2(h) exhibited another advantage of the
nanocomposite over the 2D POP itself. While the TCBD was negatively charged at pH
> 6, the ZP of the TCBD/D318 was positive at all tested pH values (2-10), due to the
polyamine structure of the D318 matrix. The relatively low sensitivity of the ZP to pH
facilitates the application of TCBD/D318 over a wide range of pH conditions,
especially in the case of treating the anionic species of phenolic contaminants at high

pH values (ESI, Fig. S1).

3.2 Stability and solid-liquid separability

Two fundamental characteristics required of good nanomaterial-based adsorbents,
especially in regard to industrial applications, are their stability and solid-liquid
separability [18,37]. Since adsorbents can experience a wide pH range during the
treatment of contaminated water and the regeneration process (contaminant desorption),

their stability to variations in pH, is very important. To evaluate this, the TCBD and

10
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TCBD/D318 were soaked in water at different pH values for 24 h, and the UV
absorbance spectra of the water samples subsequently were determined, as shown in
Fig. 3(aand b). The TCBD was not stable with changing pH, which was ascribed to the
hydrolysis of amide bonds; the hydrolysis was clearly more marked under alkaline
conditions. By comparison, after integration of the 2D TCBD into D318, the resulting
nanocomposite exhibited outstanding water stability over the whole pH range (Fig. 3b).
The 3D carrier notably prevented the POP from hydrolysis, which enables a longer life
of the adsorbent and avoids secondary water pollution during use.
-Fig. 3-

In respect to the solid-liquid separability of the adsorbent, the tests showed that,
after dispersal by shaking, the TCBD/D318 demonstrated a much faster gravity-driven
separation from water (full separation after 10 seconds - see Fig. 3(d)) than TCBD (full
separation after 10 hours - see Fig. 3(c)). This implied that the novel 2D/3D hybrid
adsorbent could be used in a fully-mixed adsorption process with strong stirring, which
can provide a considerably greater water treatment efficiency than a traditional column
adsorption process. Furthermore, after settling the POP powder formed a hard cohesive
layer that was difficult to re-disperse by shaking, whereas the TCBD/D318 layer could
be easily re-dispersed. This would also facilitate the regeneration of the nanocomposite

after use.

3.3 Adsorption behavior
3.3.1 Effect of pH

The Qe values for the TCBD/D318 adsorbents with the four phenolic compounds,
and at different pH values, are summarized in Fig. 4(a-d) (red lines). It can be seen that

the nanocomposite exhibited a high Qe for all four contaminants at all pH values (Fig.

11
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4 (a-d)) which was generally greater in comparison with the raw materials (D318 and
TCBD), as can be seen in the ESI (Fig. S5). As one of the important aspects of the
performance of adsorbents, Qe is affected by several operational parameters including
the initial contaminant concentration and the adsorbent dosage. Comparison among
different reported adsorbents for the adsorption of phenolic compounds in the ESI
(Table S2) showed that, although not being the largest, the adsorption capacity of
TCBD/D318 was at a relatively high level for each contaminant. Further comparison
between the results given in Fig. 4(a-d) and in the ESI (Fig. S5) showed that, although
TCBD had some similar (slightly lower) Q. values to TCBD and D318 at some pH
values (for example pH 4, 6, or 8), the adsorption performance of the POP declined
substantially at pH 2 and 10, when the POP itself was not stable, as shown in Fig. 3(a).
In contrast, the performance of TCBD/D318 was less sensitive to pH and maintained a
high level over the pH range. The reasons for this may be that in the low pH region,
oxygen- and nitrogen-containing groups, and aromatic rings of the incorporated stable
TCBD in D318 pores, could bind the contaminants through H-bonding and m-n
interaction [38], while in the high pH region, the additional electrostatic attraction
between the positively charged TCBD/D318 and phenolic anions further enhanced the
adsorption, giving rise to an even greater performance.
-Fig. 4-

As the loading percentage of the TCBD component in the nanocomposite was ~22
wt.%, a theoretical physical quantity, referred to as the theoretical adsorption capacity
(TAC), of the TCBD/D318, was proposed and calculated by simply summing the
contribution of each part in the final adsorbent; thus, TAC = 22%xQe(TCBD) +
78%xQe(D318), where Qe(TCBD) and Q¢(D318) were obtained from the data given in

the ESI, Fig. S5. TAC values were plotted in Fig. 4(a-d) (dark green lines) in order to

12
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illustrate the utilization efficiency of functional groups in the nanocomposite. It was
evident that the experimentally derived Qe values were several times larger than the
corresponding TAC. That is to say, the combination of TCBD with D318 generated a
“synergistic” effect, which largely promoted the utilization efficiency (atom economy)
of functional groups in the adsorption process. The synergistic effect, possibly resulting
from the improved dispersibility of the POP in confined pores and the Donnan pre-
concentration effect of polyamine groups of D318 [33], is a major advantage in terms

of reducing the economic cost and undesired environment impacts of the adsorbent.

3.3.2 Effect of contaminant type

To understand in more detail the effect of contaminant type on adsorption, the
values of Q. (mg/g) were converted to molar adsorption capacity (mmol/g) and their
variation with pH are illustrated in Fig. 4(e). It was found that phenol, with the smallest
molecular size (ESI, Fig. S1(a)), was the easiest to be adsorbed in most situations,
except at pH 8 when phenol existed mainly as an undissociated (neutral) molecule,
while 4-nitrophenol was substantially anionic (ESI Fig. S1(c)). The molar ge of 1-
naphthol was the lowest among all four contaminants at most pH values, which may be
due to the relatively larger size of one 1-naphthol molecule occupying a greater area of
adsorption sites [39]. For 4-nitrophenol and 4-chlorophenol, which had similar
molecular sizes, the greater adsorption of 4-nitrophenol may be attributed to the
stronger electron-withdrawing effect of nitro groups, making 4-nitrophenol act as a
stronger acid and m-electron acceptor, and binding more tightly with basic nitrogen-

containing and m-electron donor groups in the nanocomposite, respectively.

3.3.3 Effects of coexisting anions

13
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The adsorption of phenolic ions would be expected to be affected by the presence
of other inorganic and organic anions due to their competitive effect. Therefore, the
influence of widely existing anions in real water, both inorganic (CI, NOs and SO4%)
and organic (HA), were studied. The results summarized in Fig. 5(a-d) illustrate the
effects of inorganic anions on adsorption. Among the three competing inorganic ions,
the degree of influence on Qe was in the following order: SO > NOz > CI. The
divalent anion SO4% had the relatively largest impact most likely because of its greater
negative charge when competing with the phenolic compounds through electrostatic
interaction with the TCBD/D318. While NOs™ and CI" were equally mono-charged, the
ability of the former to compete via H-bonding interaction meant that the impact of
NOs" was larger than that of CI. However, notwithstanding these effects, it was evident
that the adsorption performance of TCBD/D318 for all four phenolic contaminants was
not substantially diminished by the presence of the inorganic anions, with only a slight
decrease of adsorption capacities even at very high inorganic salt concentrations (~30
mmol/L). Thus, although the inorganic anions could compete in some forms of binding
interaction between the adsorbent and contaminants (e.g. electrostatic), these appeared
to be minor compared to other interaction(s), like n-m interaction, which enabled the
uptake of phenolic compounds.

-Fig. 5-

The effect of HA, a widely used representative component of NOM in aquatic
environments, on adsorption was studied at different concentrations and the results are
shown in Fig. 5(e). Due to the structural similarities between HA and phenolic
compounds, the HA could compete, in principle, through not only electrostatic
attraction and H-bonding, but also n-w interactions. However, the results demonstrated

that the adsorption performance for the phenolic compounds, with the exception of 1-

14
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naphthol, was not significantly affected by the presence of HA. This behaviour
suggested that, in addition to binding interactions, the adsorbent pore structure was
another important factor that assisted in maintaining the adsorption performance. Thus,
it is possible that the relatively large size of HA molecules were unable to enter the
majority of pores of the TCBD/D318 [40], and thus could not occupy the adsorption
sites; as 1-naphthol had the largest molecular size among the four contaminants, its

uptake was therefore mostly affected.

3.4 Adsorption mechanism

Isothermal adsorption data (ESI, Fig. S6) were fitted by employing the Langmuir,
Freundlich, and Redlich-Peterson models to investigate the interactions between
TCBD/D318 and contaminants. The model fitting parameters are listed in the ESI,
Table S3. Under most conditions, it was found that all three models had high regression
coefficients (R?), suggesting a mixed process of single- and multi-layer adsorption. The
results further implied a multi-interaction-driven adsorption process [41], in which
electrostatic attraction (single-layer), n-n interaction (multi-layer) and/or H-bonding
(either single- or multi-layer) occurs [42].

The adsorption kinetic data were fitted to the pseudo first-order, pseudo second-
order and intraparticle diffusion models. The comparison between pseudo first- and
second-order models (ESI, Fig. S7 and Table S4) showed that the latter model described
the data better with a higher R2. This agreed with the chemical-interaction-driven
process. Results obtained from the intraparticle diffusion model (ESI, Fig. S8 and Table
S5) demonstrated a three-step process in total. Considering the pore-size distribution
curves in the inset figure of Fig. 2(g), the first and fastest adsorption step was the

diffusion of contaminants in macro- and meso-pores (> 2 nm) of TCBD/D318; the

15
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second adsorption step was the diffusion in micropores (< 2 nm); and the last step was
the equilibrium phase. The three steps confirmed the impact of the hierarchical pore
structure on adsorption.

FTIR spectra of TCBD/D318 before and after loading phenolic compounds are
illustrated in Fig. 6(a). Original N-H, O-H and amide | groups in TCBD/D318 all
experienced a red-shift after adsorption (N-H and O-H: from 3466 to ~3423 cm™*; amide
I: from 1692 to 1660 cm™), indicating the formation of H-bonding between the
adsorbent and phenolic contaminants [43]. C1s XPS spectra in Fig. 6(b-f) also detected
C of phenyl C-O groups (marked in red colour) after adsorption, due to the phenyl
groups adsorbed in the pores of the adsorbent. In addition, according to the normalized
integral area percentages marked in Fig. 6(b-f), the significant decline of peak areas of
C-C/C=C and C-N (except for 4-nitrophenol which had additional C-N) was attributed
to the surface cover by the adsorbed phenolic contaminants.

-Fig. 6-

DFT computations directly displayed the optimized binding configuration as
shown in Fig. 7. Here, the TCBD component was tested since it played a more dominant
role in the adsorption than D318, as aforementioned. Obviously, ©-r interaction and H-
bonding took place at the same time for the adsorption. Furthermore, when adsorbed
on to the same unit (either TC or BD) of the TCBD fragment, the anionic species of the
contaminants had a larger B.E. than its neutral species (B.E. values in Fig. 7(b) >
corresponding ones in Fig. 7(a); those in Fig. 7(d) > corresponding ones in Fig. 7(c)),
which was evidence at a fundamental scale for the increasing Qe with increase of pH.
Moreover, for the same species (either anionic or neutral) of phenolic contaminants,
adsorption onto the TC unit had a larger B.E. than that onto the BD unit (B.E. values in

Fig. 7(c) > corresponding ones in Fig. 7(a); those in Fig. 7(d) > corresponding ones in

16
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Fig. 7(b)), which indicated that the contaminants preferred to be bound onto TC
fragments. Such a phenomenon could be explained as follows: Since the two benzene
rings of biphenyl structure in BD unit are twisted with a certain dihedral angle (Fig. 7(a
and b)), m-m interactions between the contaminants and BD unit were inhibited due to
steric hindrance, giving rise to the phenomenon that two phenyl ring planes in a BD-
contaminant complex were not parallel to each other (Fig. 7(a and b)). Therefore,
complexes formed by adsorption of contaminants onto BD unit had smaller B.E.
-Fig. 7-

Based on the above physico-chemical model fitting, instrumental analysis and
chemical computation results, a schematic diagram of the adsorption of phenolic
contaminants on TCBD/D318 was illustrated in Fig. 8 to clarify the multi-binding-
interactions between the adsorbent and contaminants: (i) Polyamine groups on D318
skeleton with positive surface charges interacted with anionic phenolic compounds
through electrostatic attraction; (ii) On the other hand, TCBD wielded more dominant
binding interactions, including n-w interactions and H-bonding, in the adsorption of the
contaminants.

-Fig. 8-

3.5 Reuse performance and storability

The capability of an adsorbent to be reused over many adsorption-desorption cycles
without any notable loss in adsorption capacity (Qe) is an important aspect that indicates
whether it is economically favorable. Tests were undertaken to evaluate the reuse
performance of TCBD/D318, and the results are summarized in Fig. 9(a). Of the four
phenolic contaminants, the adsorption capacity for 4-nitrophenol was reduced the most

after 10 cycles, which was attributed to it having the relatively strongest binding

17
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interaction with the adsorbent, as discussed above and shown in Fig. 7. To identify the
reason for the loss, changes in the pore structures and micromorphology of the
adsorbent after regeneration/desorption were monitored. Fig. 9(b) shows a continuous
decrease of specific surface area with the number of regeneration cycles, indicating
some pores were blocked and could not be regenerated. On the other hand, the average
pore diameter initially increased, but then decreased with further regeneration cycles.
The increase in pore diameter after the first two cycles might result from the increased
proportion of large pores after small pores were blocked, while the subsequent decline
with further cycles was attributed to the accumulation of contaminants in large pores.
SEM images of the adsorbent surface, illustrated in Fig. 9(c-g), suggested that, with the
increase of cycle number, the large pores of the TCBD/D318 became visually smaller.
Nevertheless, despite these observed changes and the discussion above regarding the
fundamental reasons the reduction of Qe, it should be noted that in practical terms, the
TCBD/D318 exhibited an acceptable reusability for the adsorption of all four
contaminants, with high Q. values maintained even after 10 cycles of use. In addition,
recovery rates of the contaminants (recovery rate = desorbed contaminant amount of a
certain cycle / adsorbed contaminant amount of the same cycle) in the desorption
process over 10 cycles were measured (see the ESI, Fig. S9). It was found that, in all
adsorption-desorption cycles except the first one, more than 94% of the adsorbed
phenolic compounds in the adsorption process of a certain cycle could be desorbed and
recovered in the desorption stage of the same cycle. Although treated as pollutants in
water, the recovered phenolic compounds could also be used as valuable chemical raw
materials in many industries, including the manufacture of dyes, pharmaceuticals,
explosives, pesticides, phenolic resins, adhesives and so on [44,45]. Therefore, the high

recovery rates of phenolic compounds from water can bring about not only notable

18



©CO~NOOOTA~AWNPE

environmental benefits, but significant economic opportunities as well.
-Fig. 9-

Finally, the stability, or ‘storability’ of TCBD/D318 was tested. According to the
comparison of adsorption capacities between freshly prepared TCBD/D318 and stored
TCBD/D318 after six months (stored in the form of dried beads in the dark) as detailed
in the ESI (Fig. S10), it was found that, except for the Q. loss of ~26% for 1-naphthol,
which had the largest molecular size among four contaminants, the Qe loss for other
three phenolic compounds was less than 8%, indicating good storability of the

nanocomposite.

4. Conclusion

A new nanocomposite adsorbent, TCBD/D318, designed for the removal of
phenolic compounds from water, was successfully fabricated by loading the 2D POP
TCBD into pores of the carrier D318, via a facile repetitive deposition method at room
temperature. TCBD/D318 exhibited a robust water stability over a wide pH range (2-
12), a rapid solid-liquid separability (within 10 s) after dispersion in water, and a low
tendency for self-aggregation. In addition to high adsorption capacities for four
common phenolic contaminants (phenol, 1-naphthol, 4-nitrophenol and 4-
chlorophenol), the TCBD/D318 adsorbent demonstrated a remarkably improved
utilization efficiency of functional groups in the adsorption. The high adsorption
performance was found to be largely insensitive to pH variation, and competition from
the presence of coexisting inorganic salts and NOM (HA), due to the combined effects
of multi-binding interactions and the hierarchical pore structure. Detailed study of the
adsorption mechanisms showed that a hierarchical-pore-structure-induced multi-step

diffusion adsorption process which was driven by multi-interactions, including
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electrostatic attraction, n-w interactions, and H-bonding, and that contaminants were
more inclined to be bound onto TC units of the TCBD in the nanocomposite. Finally,
evidence for the reliable reusability and storability of TCBD/D318 was found. Overall,
the results highlighted the great potential of TCBD/D318 for the removal of phenolic
compounds from water, and suggested new opportunities for the environmental

application of POP-based 2D/3D hybrid nanocomposites.
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Captions

Figure 1. Schematic of TCBD/D318 synthesis.

Figure 2. (a and b) SEM and (c and d) TEM images of D318 and TCBD/D318; (e)
FTIR spectra and (f) XRD patterns of different adsorbents; (g) N2 adsorption—
desorption isotherms of different adsorbents (inset: pore size distribution curves); (h)
Zeta potential-pH curves of different adsorbents.

Figure 3. (a and b) UV spectra of water in which (a) TCBD or (b) TCBD/D318 was
soaked for 24 h at different pH; (c and d) Gravity-driven solid-liquid separation of (c)
TCBD and (d) TCBD/D318 in water.

Figure 4. (a-d) Experimental and theoretical adsorption capacities (TACs) of
TCBD/D318 for different phenolic contaminants at different pH; (e) Molar adsorption
capacities of TCBD/D318 for different phenolic contaminants at different pH.

Figure 5. Adsorption capacities of TCBD/D318 for different phenolic contaminants
with the coexistence of (a-d) inorganic anions and (e) humic acid.

Figure 6. (a) FTIR and (b-f) C1s XPS spectra of TCBD/D318 before and after loading
phenolic contaminants.

Figure 7. Optimized binding configurations and corresponding binding energies
between TCBD fragments (adsorption onto (a and b) BD or (c and d) TC unit) and
different species ((@a and c) neutral and (b and d) anionic species) of phenolic
compounds.

Figure 8. Schematic diagram of adsorption of phenolic contaminants on TCBD/D318.
Figure 9. Variation of (a) adsorption capacity (% initial capacity), (b) BET specific
surface areas and average pore dimeters, and (c-g) micromorphology of TCBD/D318,

over ten cycles of adsorption-desorption.
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Figure 1. Schematic of TCBD/D318 synthesis.
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