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Abstract: Covalent organic frameworks (COFs) have been emerged as potential

membrane material because of their rigid porous structure and excellent chemical

stability, however, the challenges of complicated preparation process and poor

processability remain. In this study, a simple one-step method is developed to prepare

hybrid composite material from COFs and graphene oxide (GO) without using any

special device generally required for COFs fabrication. The under-water stability of

GO was enhanced through hybridization with COFs. The hybrid composite formed by
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COF polymerization and parallel covalent linking to the GO in a single step was
translated into superhydrophobic and recyclable membrane by spraying onto filter
paper. The role of graphene oxide as catalyst/catalyst carrier has been identified in the
easy fabrication of COFs in this study. The fabricated membrane presented ultra-high
separation flux of 26000 L m™? h'! bar! with >98% separation efficiency. The
membrane exhibited exceptional chemical stability in acid and basic environment
with excellent cycling stability. A simple methodology presented here opens up a new
route for the fabrication of COF based hybrid materials for wide range of applications.
Keywords: One-step method; COF/GO hybrid materials; superhydrophobic; oil/water
separation; high separation flux; acid and alkali resistance

1. Introduction

Covalent organic frameworks (COFs), a new class of porous polymeric material
which comprises of two organic monomers linked through highly stable covalent
bond have been identified as promising membrane material with excellent
performance due to various structural advantages.’® Robust customized structure and
precise control over the functionality make them dominant when compared with other
traditional porous materials such as zeolites and metal-organic frameworks.* > COFs
have been uniquely designed and explored for various applications such as gas and
energy storage, separation, sensing, catalysis and drug delivery etc.6° Particularly,
the membrane-separation applications attracted much attention due to highly ordered
molecular arrangements and robust structure of COFs™'. Han’s group have fabricated

COF-DhaTab blended PAN membrane by electrostatic spinning for oil/water



emulsions  separation.!!  Li’s team have successfully obtained the
stainless-steel-net-supported COF coating for oil/water separation.'> Recently,
attempts have been made to overcome the poor processability of the COFs powder
and to translate them into membranes for separation applications.!*!® Mixing the
COFs with graphene/graphene oxide to generate hybrid material is one of the
successful attempt that researchers are currently exploring.!*!

Graphene/graphene oxide is also a widely researched material for their applications as
desalination and separation membranes due to its excellent mechanical and thermal
strength, large surface area and ease of 2D sheet formation.??* Nevertheless, the use
of graphene in oil/water separation is limited by its poor stability caused by increase
in interlayer spacing distance between sheets in water due to weak =m-m
interactions.>2’ Therefore, hybrid composites have been prepared by mixing
graphene with COFs and other polymers to improve the overall stability.?® 2°

Khan’s team has fabricated GO-CTF mixed nanosheet membranes with high
rejections capabilities to organic dyes.’® Zhang and his co-workers have obtained
GO/COF-1 nanosheets membrane with high rejection rate for water soluble dyes and
high permeability for ion salts.’! However, the obtained water flux of the membrane is
only 310 L m? h"'MPa!. Jiang’s group have successfully prepared v-COF@GO
membranes for oil/water separation, but the material needs to be further sulfonated to
change wettability, in addition, the experimental process is rather complicated and
laborious.*

In this work, a one-step method is developed to produce COF/GO hybrid material



without using any special equipment. Highly stable hydrophobic COFs, II
SERP-COF2-3 were grown on graphene nanosheets through the formation of amide
bonds and parallel Schiff base reaction. The resulting COF/GO membrane possesses
superhydrophobicity with water contact angle (WCA) up to ~160° without the need of
any post-synthetic modification using low energy molecules as required in previous
reports. Owing to the synergistic effect with graphene, the agglomeration of COFs
materials is significantly reduced and on the other hand, structural and chemical
stability of the graphene is also improved due to the acid and alkali resistance of
COFs. The overall pore size of the hybrid material is increased in comparison with
GO which resulted into decrease in the oil resistance. The flux of separating
water/dichloromethane mixture is recorded as high as 26000 L m=2 h?' bar™.
Additionally, the membrane exhibits excellent acid/base resistance, high separation
flux for the water (pH=1 and 13) and n-hexane mixtures and high separation
efficiency.

2. Experimental section

2.1 Materials

Graphite powder, P-phenylenediamine, acetic acid and sulfuric acid were purchased
from Shanghai Macklin Biochemical Co. N,N-dimethylformamide, potassium
persulfate were obtained from Fengchuan Chemical Reagent Co. (Tianjin,China).
Phosphorus pentoxide, o-dichlorobenzene, hydrogen peroxide, hydrochloric acid,
potassium permanganate and toluene were supplied from Kemiou Chemical Reagent

Co .(Tianjin,China). Ethanol, acetone, hexane, dichloromethane, chloroform and span



80 were provided from Shuangshuang Chemical Reagent Co. (Yantai, China). All
reagents were used without further purification.

2.2 Characterization

The morphologies of the GO and COF/GOx were characterized by scanning electron
microscope (SEM, Apreo S) and transmission electron microscopy (TEM, FEI Tecnai
F30, 300 kV).The chemical structure of the samples were carried out by Fourier
transform infrared spectrometer (FTIR, Bruker,Tensor 27). The chemical composition
of C and N elements was obtained by X-ray photoelectron spectroscopy (XPS, Kartos
AXIS Ultra DLD, with Al Ko X-ray source, hv = 1486.6 eV).The X-ray diffraction
(XRD, Philip X'Pert pro Diffractometer, with Cu Ka X-ray source, A = 1.54056 A)
was obtained at room temperature. The WCAs of GO and COF/GOx were measured
using 5 pL droplets by an optical contact angle measuring apparatus (JGW-360B) at
room temperature. The Raman (HORIBA Jobin Yvon LabRAM HR800) shifts were
characterized using a 532 nm YAG laser with a laser spot diameter of ~600 nm. The
nitrogen adsorption-desorption curves and pore size distribution curves of samples
were measured by surface area and porosity analyzer (Micromeritics ASAP 2020
HD88, 77 K). The thermal stability of the GO and COF/GOx were measured by
thermogravimetric (TGA) analyzer (NETZSCH STA 449F3, 10.0°C /min, 20 °C
~800 °C , air atmosphere ).

2.3 Synthesis of Tris(4-formylphenyl)amine

The preparation of Tris(4-formylphenyl)amine was referred to Dinesh Mullangi’s

work.>*> In brief, phosphorus oxychloride was added drop wise to the



dimethylformamide (DMF) at 0 °C in Ar, the mixtures stirred to melt at room
temperature for about 1 h, then triphenylamine and chloroform were added to the
above-mentioned mixtures at 80 °C under continuous stirring for 12 h. After cooling
down, the solution was poured into ice water and pH was adjusted to 7 using diluted
NaOH solution (3 M). After extraction with dichloromethane, the organic layer was
washed with salt solution and water for three times, then it was dried with Na>SOg4
granule and the solvent was removed through vacuum distillation. The residue was
filtered through a short column with a mixture of n-hexane/dichloromethane to obtain
a yellow solid which was then added to the solution of phosphorus oxychloride and
DMF at 80 °C for 12 h, the obtained mixture was poured into ice water, and repeated
the above steps to obtain yellow crystalline compound, tris(4-formylphenyl)amine.

2.4 Synthesis of graphene oxide

Graphene oxide was reduced according to the modified Hummers method in brief,
K2S>05 (5 g) and P>Os (5 g) were dissolved in concentrated sulfuric acid for 12 h
under stirring, then graphite flakes were added, and the mixture was kept in an oil
bath at 90 °C for 5 h. The mixture was diluted with 800 mL of deionized water after
cooled down to room temperature to obtain expanded graphite, and dried powder at
60 °C for 12 h. Next, expanded graphite and KMnO4 were added to 100 ml of
concentrated sulfuric acid under stirring, followed by 12 h in an oil bath at 35 °C. The
obtained solution was poured into 600 mL of deionized water in an ice bath, and H,O»
was slowly dropped into the mixture. After standing for 10 h, the precipitate was

washed with 10% hydrochloric acid and deionized water until it was close to neutral.



Finally, the precipitate was freeze dried to obtain GO powder.

2.5 Synthesis of COF/GOx powders and COF/GOx membranes
Tris(4-formylphenyl)amine (200 mg) and P-phenylenediamine (100 mg) were
dissolved in ethanol (15 mL) under magnetic stirring for 20 minutes, then the
o-dichlorobenzene (15 mL) was dropped slowly until the mixture becomes yellow and
transparent. Next, acetic acid (1.25 mL) and graphene oxide were added in sequence
under stirring for 5 minutes. Then the solution was transferred into a quartz tube, after
sealing in liquid nitrogen bath, the quartz tube was placed in an oven and kept at
120 °C for 3 days. The obtained precipitates were washed with DMF and acetone
three times and dried at 60 °C for 4h to obtain COF/GOx, where x = 25, 50,75 and 100
which represents the mass of graphene oxide which was 25 mg, 50 mg, 75 mg and
100 mg, respectively. A series of samples were prepared to explore the effect of
graphene proportion in the membrane.

0.3 g COF/GOx was dissolved in 15mL ethyl acetate. Then the solution was sprayed
onto filter paper using a spray gun with 0.2 MPa spraying pressure and a moving
speed of 3-5 cm/s. The distance between the spray gun and the filter paper was 15-20
cm during spraying. Finally, the obtained COF/GOx membranes were placed in oven
at 50 °C for 1 h. The preparation steps of GO membrane was similar.

2.6 Separation of oil/water mixtures

Organic solvents (hexane, dichloromethane, chloroform and toluene) were used as oil
in oil/water separation process. The equivalent of 10 mL water and 10 mL oil were

poured into sand core device for oil/water separation with COF/GOsp membrane



under 0.67 bar. The oil samples passed through the device and were collected in the

bottle. The flux was calculated by the following equation:

VitV

= @)

where V1 and V2 were the volume of water and oils samples, respectively. S was the
effective area of oil passing through the membrane, t was the time of oil permeation
and P was the pressure applied to the separation device which is 0.67 bar.
The separation efficiency was calculated by following equation:

nzz—j x100% @)
where V3 was the volume of oil collected in the bottle. In the oil/water separation
cycles test, the membrane was not pretreated and was used continuously.
3. Results and discussion
3.1 Single step fabrication of COF/GO composites and role of graphene in

catalysis enhancement
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Figure 1. (a) Schematic showing the one-step fabrication method for COF/GOx
composition followed by membrane preparation via spraying the composite onto the
filter paper. And (b) the growth mechanism of COF on the GO sheets at the molecular

level and the role of grapheme oxide as Schiff base carrier.

An ordinary quartz tube is used instead of microwave reactor or special Pyrex
heat-resistant glass tube which is generally required for the preparation of COFs
(Figure 1a). In addition, the freeze-pump-thaw cycles and the use of acetylene-oxygen
flame to seal the bottle under vacuum were also avoided. COF particles were

successfully grown on graphene sheets under ambient temperature condition. As



prepared material was translated into free standing membrane by simply spraying it
on the filter paper that presents cost effective sustainable approach. The growth
mechanism of COF on GO nanosheets is presented in Figure 1b. One of the amine
group presented on P-phenylenediamine reacts with the carboxyl group on GO to
form an amide bond, while another one reacts with the carbonyl group of
Tris(4-formylphenyl) amine by Schiff base reaction in a continuous process results
into COF/GO composite. The graphene oxide acted as Schiff base (Ph-N=C-Ph)
carrier in reaction which could possibly contributed in the easy fabrication of COFs.
The role of graphene oxide as a catalyst carrier and/or itself as a catalyst is well
understood.>**¢ As a proof to confirm the role of graphene oxide in our study, a COF
fabrication reaction without GO has been setup as a control and no precipitation of
COFs has been observed. However, under similar condition, the COFs could be
successfully synthesized with the addition of GO regardless of concentration which

confirmed the direct role of the GO in the catalysis enhancement.



Figure 2. (2) SEM image of GO. (b) SEM image of COF/GOso. (c) - (¢) TEM images of

COF/GOso. (f) - (2) EDS mapping of COF particles.

Morphology of GO sheets showing wrinkled structure was recorded by SEM is shown
in Figure 2a. Figure 2b is showing the morphology of COF/GOso hybrid composite
where the spherical COF particles with 0.6-1 pum size could be clearly observed.
Figure 2c and 2e showing the TEM images of COF/GOsp, in which COF particles
exhibit homogeneous spherical shape and are covered with GO sheets. Figure 2f and
29 showing the elemental distributions of C and N, respectively. C and N elements are
shown to be evenly distributed on the COF sphere, which constitute the basic

chemical frameworks of the COFs.
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Figure 3. (a) FTIR spectra of GO, GO and COF/GOsy. (b) - (¢c) C 1s XPS of GO and
COF/GOsy, respectively.

FTIR spectra of GO and COF/GOso have been recorded for the structural
confirmation (Figure 3a). Characteristic peak at 1505 cm™ represents the stretching
vibration of phenyl ring of COF particles in COF/GOso composite. The intensity of
peak at 1730 cm’! has been reduced significantly in COF/GOso, indicating the
utilization of carboxyl group. In addition, the obvious peak at 1263 cm™! for C-N is
also appeared. The above results confirmed the covalent linkage between COFs and
graphene. The peak at 1592 cm™ could be attributed to C=N in the spectra, which
confirmed the successful synthesis of COF particles.

To further confirm the chemical structure of COFs particles on GO sheets and

connection between COF and GO sheets, GO and COF/GOso were analyzed by XPS.



Three peaks at 284.5, 286.6 and 288.4 eV could be attributed to C-C, C-O and C=0
bonds in GO, respectively. The C s spectrum of COF/GOso in Figure 3¢ exhibited
four peaks at 284.5, 284.9, 285.5 and 286.5 eV for C-C, C-N, C=N and O=C-N bonds,
respectively. Both, XPS and FITR spectra illustrated the successful synthesis of COF

materials and the covalent bonds formation between COF particles and GO sheets.
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Figure 4. Physicochemical characterization of COF/GO (a) TGA analysis curves of
COF/GOx and GO. (b) XRD pattern of COF/GOso. (c) Nitrogen adsorption-desorption

curves of COF/GOso and GO. (d) Pore size distribution of COF/GOso and GO.

The obtained TGA curves of COF/GOx samples and GO are presented in Figure 4a.
The temperature range from 240 to 420 °C could be attributed to the graphene
degradation where the height of each curve decreased at different rates.

Decomposition of COFs could be observed at 420-620 °C. The hybrid composite



showed enhanced thermal stability when compared to that of GO might be due to the
stability reinforcement by covalent bonding. The slower decomposition of COF/GO2s
when compared with other ratios could also be explained by the higher content of
COFs. The crystallinity of the COFs in COF/GOso composite was confirmed by two
characteristic peaks at 3.6° and 4.7° in PXRD spectra which are in complete
agreement with the previous studies.®® The nitrogen adsorption-desorption curves of
COF/GOsp and GO in Figure 4c indicating the presence of H4 type hysteresis rings
and hence the existence of nanopores in both, COF/GOs and GO. The high nitrogen
adsorption capacity of COF/GOx at relative pressure >0.9 suggesting the existence of
larger pores in COF/GOso composite. Overall, the COF/GOso and GO exhibited
multi-level pore structure and the proportion of micropores in COF/GOso was
recorded to be much larger than GO (Fig. 4d).

3.2 Wettability of COF/GOx and GO membranes
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showing complete wettability. (c) Change in the WCAs with GO proportions in
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basic pH. The droplets were placed for ~2 minutes and no change in the angles have



been recorded.

The stability of GO membrane is tested under acidic and basic conditions for
comparison and the data is presented in Figure 5a. Static contact angle of acidic
(pH=1) and basic (pH=13) solution droplets was dramatically decreased from 100° to
76° and 117° to 78°, respectively just after one minute of exposure due to poor
stability of GO membrane under acidic/basic conditions. Toluene and chloroform
were absorbed instantaneously after being dropped on the COF/GOso membrane
indicated the superoleophilic nature of the membrane (Figure 5b). As shown in Figure
5¢, the WCAs of membranes with smaller proportions of GO, COF/GO»s and
COF/GOsg were recorded >160°, whereas WCAs of COF/GO75 and COF/GO1g0
combinations were found to be ~150°, might be due to decrease in the roughness
where COFs particles have contributed. The roughness of COF particles grown on
GO sheets and the inherited hydrophobic nature of graphene synergistically
contributed in the superhydrophobicity. Considering the wettability, COF content and
cost effectiveness, COF/GOs9p membrane is selected to further evaluate the oil/water
separation efficiency. In real-world applications of superhydrophobic materials, their
stability under the harsh acid and alkali environment is extremely important.
Therefore, WCAs on COF/GOso membrane at different pH, 1, 2, 12 and 13 have been
measured and the data is presented in Figure 5d. The membrane maintained its
superhydrophobicity regardless of pH (acidic and basic) with WCA recorded to

be >155° which confirmed the excellent stability of the membrane.



3.3 Oil/water separation performance of COF/GOs0 membrane
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Figure 6. Separation performance of COF/GOso membrane (a) Flux and separation
efficiency of four types water/oil mixtures. (b) Flux and separation efficiency during

20 repeated cycles of water/dichloromethane mixture.

Oil/water separation performance of the COF/GOso membrane is presented in Figure
6a. The measured membrane fluxes for separating n-hexane, dichloromethane,
chloroform and toluene from water were 18412 Lm?2h bar?, 26960 Lm2h bar?,
23590 L m?h? bar! and 18942 L m2h bar?, respectively. At the same time, the
separation efficiency was recorded 98.9%, 99.3%, 98.3% and 99.2%, respectively.
The high flux could be explained with the increase in the large pore volume
proportion of material after combining GO with COFs which significantly enhanced
the oil permeability of the membrane. Meanwhile, part of oil directly passed through
the COF particles instead of flowing between the narrow layers of GO, which
significantly reduced the hindrance. The separation efficiency of the membrane was
further evaluated by 20 repeated separation cycles of water and dichloromethane

mixture without any treatment or in between washing. As shown in Figure 7b, the



separation flux was slightly decreased from 26000 L m2h* bar? to 24000 L m?2h!
bar?t after 20 repeated cycles might be due to the temporary blockage of the pores.
However, the overall flux rate remained high and membrane also maintained the high

separation efficiency of 98.5% after 20 cycles.
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Figure 7. Separation performance of COF/GOso membrane under adverse conditions
(a) Flux and separation efficiency of different pH water/oil mixtures. (b) Flux and
separation efficiency during 20 cycles of water (pH=1)/n-hexane mixture. (¢) Flux

and separation efficiency during 20 cycles of water (pH=13)/n-hexane mixture.

The oil/water separation efficiency of the developed membrane was also tested under
severe acidic (pH=1 and 2) and basic (pH=12 and13) environments. Mixture of
n-hexane and water with different pH was prepared and used for testing and the
obtained results are shown in Figure 7a. For acidic pH of 1 and 2, the separation
fluxes were recorded 17400 L m2 h? bar! and 17570 L m?2 h?' bar?, and the
separation efficiencies were 98.2% and 98.0%, respectively. Whilst for the alkaline
pH of 12 and 13, the separation fluxes were recorded 17800 L m2h* bar? and 17380
L m2h? bar?, and the separation efficiencies were 98.3% and 98.0%, respectively.
The COF/GOso membrane successfully maintained its separation efficiency above 98%

and only slight decrement in the separation flux was recorded when compared with



that obtained from neutral water and n-hexane mixture (18412 L m2h* bar?). This

clearly shows the enhanced performance of the hybrid composite due to the inherent

acid and basic resistance of COFs over traditional GO membranes.

Table 1. State-of-the-art comparison with the presented work for oil/water separation

performance.
Acid/base
Efficiency Flux
Materials Pressure Cycles  tolerance Ref.
(%) (Lmh')
test
SIPN-Gels >99 8600 Gravity 50 No cycles 37
PCLc membrane >99 2850 - 3560 Gravity 10 No cycles 38
Cu(OH); mesh >97 1980 Gravity 20 — 3
Cu-MOF >99 701.71 Gravity 8 — 40
PAM/PS membrane — — 0.01MPa 20 — 4
ZIF-8@nickel mesh >99 — Gravity 6 — 2
DTMS@WOs
>98 7657 - 9962 Gravity 10 — 3
copper mesh
PDMS/ZIF-8@cotto
>98 — Gravity 10 — 44
n fabric
PDVB/TiO,
— 55-70 Gravity — — 4
composite
PLA materials — 35-50 Gravity 10 — 46
15100 - This
COF/GO membrane >08.3 0.67 bar 20 20 cycles
26960 work
— Not Mentioned

The stability and efficiency of the membrane for 20 repeated cycles of oil/water



separation was also tested at elevated conditions of pH 1 and 13. At pH 1, the
separation flux and separation efficiencies of the membrane were slightly decreased
from 17300 L m2h bar? to 15700 L m2h bar?, and 98.3% to 97.85%, respectively.
At pH 13, the separation flux and separation efficiencies of the membrane were also
slightly decreased from 17400 L m2h* bar! to 15100 L m2h bar?! and 98.5% to
97.7%, respectively. The decrease in the separation flux and separation efficiency
might be attributed to the combinatorial effects of temporary pore blockage and
acid/base intolerance of GO. Nevertheless, the membrane possessed high separation
flux and cycle stability for oil/water separation under severe acid and basic
conditions.

Conclusion

In conclusion, a cost effective and rapid method is demonstrated to fabricate and then
translate the covalently linked hybrid composite of COFs and graphene into
membrane. The role of graphene in catalysis enhancement of COFs fabrication
reaction has been identified. The swelling, structural collapse of GO in water and the
agglomeration of COFs were significantly reduced due to hybridization of GO and
COFs. The obtained COF/GOx membranes were superhydrophobic without any
post-synthetic modification of the material. The COF/GOso membrane showed an
ultra-high separation flux of 26000 L m™ h™! bar-' for oil/water separation which is the
highest when compared with state-of-the-art COF membranes. The membrane also
demonstrated excellent stability at elevated acidic (pH-1) and basic (pH-13)

environments by maintaining high flux rate and separation efficiency. Our study



provides new potential ideas for the applications of two promising materials, COFs
and graphene in oil/water separation.
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Figure captions

Figure 1. (a) Schematic showing the one-step fabrication method for COF/GOx
composition followed by membrane preparation via spraying the composite onto the
filter paper. And (b) the growth mechanism of COF on the GO sheets at the molecular
level and the role of grapheme oxide as Schiff base carrier.

Figure 2. (a) SEM image of GO. (b) SEM image of COF/GOso. (c) - (¢) TEM images of
COF/GOso. (f) - (g) EDS mapping of COF particles.

Figure 3. (a) FTIR spectra of GO, GO and COF/GOsy. (b) - (¢) C 1s XPS of GO and
COF/GOso, respectively.

Figure 4. Physicochemical characterization of COF/GO (a) TGA analysis curves of
COF/GOx and GO. (b) XRD pattern of COF/GOso. (¢) Nitrogen adsorption-desorption
curves of COF/GOso and GO. (d) Pore size distribution of COF/GOs and GO.

Figure 5. (a)WCAs of water with acidic (pH=1) and basic (pH=13) pH on GO
membrane. (b) Images of toluene and chloroform drops on the COF/GOso membrane
showing complete wettability. (c) Change in the WCSs with GO proportions in
COF/GO membranes. (d) WCAs on COF/GOso membrane with different acidic and
basic pH. The droplets were placed for ~2 minutes and no change in the angles have
been recorded.

Figure 6. Separation performance of COF/GOso membrane (a) Flux and separation
efficiency of four types water/oil mixtures. (b) Flux and separation efficiency during
20 repeated cycles of water/dichloromethane mixture.

Figure 7. Separation performance of COF/GOso membrane under adverse conditions



(a) Flux and separation efficiency of different pH water/oil mixtures. (b) Flux and
separation efficiency during 20 cycles of water (pH=1)/n-hexane mixture. (¢) Flux

and separation efficiency during 20 cycles of water (pH=13)/n-hexane mixture.

Table of contents:

? 0N T Ethanol 0-DBC 55
+ <j Acetic Acid, GO L @/(@ Q‘*@
— N *
i oo eV

120°C,72h
@ NH,
=0

Filter paper
/

Continuous ]
separation &
“ -

[ :
§ Water § Oil

ISERP-COF2-B



