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A B S T R A C T   

The ever-increasing production of electronic devices generates a huge amount of electronic waste (E-waste). 
Therefore, there is an urgent need for advanced recycling technology for E-waste that provides both economic 
and environmental benefits. Herein, we describe the preparation of flexible, freestanding CF-COF nanopapers 
consisting of cellulose fibers (CFs) and guanidinium-based ionic covalent organic framework (COF) that can be 
used for recovering gold from E-waste leaching solutions via a membrane separation technique. Due to the 
synergetic effects of physical adsorption, ion exchange and chemical reduction, the COF has an extremely high 
capture capacity (up to 1,794 mg of Au per gram of COF), is highly selective and has fast kinetics for adsorbing 
trace amounts of [AuCl4]− in aqueous solution. The high COF loadings (~50 wt%) and hierarchical porosity of 
the CF-COF nanopapers resulted in excellent performance when capturing gold species from the E-waste leaching 
solution. This study provides new possibilities for developing sustainable membrane materials, and highly 
efficient and cost-effective techniques for the recovery of precious metals from E-waste.   

1. Introduction 

E-waste is becoming one of the faster growing waste streams because 
of the increased consumption of various electronics such as smart 
phones, computers, and displays [1–3]. However, with the proper 
technology, E-waste could become a sustainable resource because it 
contains abundant valuable metals [4,5]. The UN has reported that at 
least $47 billion worth of gold, copper and other precious metals are 
dumped every year in E-waste [6]. Therefore, there is an increasing need 
for precious metal recovery from E-waste, also called urban mining [7], 
in order to achieve a circular economy and a more sustainable society. 
However, the lack of efficient, environmentally friendly recovery tech-
nology has significantly hampered the development of urban mining 
[8–10]. While pyrometallurgy, where metals are melted at high tem-
peratures and then recovered, is a traditional and widely used method 
for recycling E-waste, the process is energy-intensive, lacks selectivity, 
and produces hazardous fumes containing heavy metals [11]. Hydro-
metallurgy, which offers the advantages of lower capital cost and higher 
selectivity than pyrometallurgy, is an alternative approach [12]. In this 
process, E-waste is digested by a suitable leaching agent, such as aqua 

regia, and the precious metals can be selectively captured and recovered 
from the leach liquor, for example by electrowinning, chemical reduc-
tion, or adsorption. Obviously, a low cost method involving adsorption 
with minimal environmental impact would be ideal for recovering 
precious metals from the acid-digested solution [13–15]. However, 
traditional adsorbents such as activated carbons and mesoporous oxides 
are poorly adsorbant and poorly selective for the precious metal ions at 
low concentrations in the leach liquor. Therefore, it is of great interest 
and importance to develop advanced adsorbents that are highly adsor-
bant and selective, reliably stable and easily recyclable, with fast ki-
netics, for efficiently recovering precious metals from E-waste. 

Porous organic materials (POMs) are a new family of functional 
nanoporous materials constructed by linking pure organic monomers via 
strong covalent bonds [16–19]. They usually possess a high surface area 
(up to 7,000 m2/g) and tuneable pore sizes, and have demonstrated 
great potential in gas storage and separation [20,21], air and water 
purification [22–24], energy storage [25], and catalysis [26,27]. More 
importantly, their synthetic diversity allows for precise control over 
their structure and functionality through the judicious selection of 
building blocks and connection nodes. Therefore, POMs with tunable 
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compositions and porous structures, along with rich surface function-
alities, can potentially fulfil the requirements for efficient adsorbents of 
precious metals from E-waste [13,14,28–33]. For example, Stoddart and 
Yavuz developed a family of porous polymers consisting of porphyrin 
units for efficiently recovering gold and platinum from E-waste via the 
reductive activity of the porphyrin units and their strong interactions 
with the precious metals [34]. We have recently reported the synthesis 
of an ionic covalent organic framework (COF) for palladium scavenging. 
The ionic framework and porous structure of this COF allow it to effi-
ciently scavenge trace amounts of [PdCl4]2− in aqueous solution, with 
high adsorption capacities of up to 754 mg/g of COF, via a chemisorp-
tion (ion exchange) process [35]. To date, the practical application of 
POMs in precious metal recovery has rarely been exploited, probably 
because of the difficulties associated with shaping and processing the 
insoluble POM powders and the high costs of synthesis. 

Fortunately, modern materials science and nanotechnology now 
offer opportunities for overcoming the drawback of difficulties in pro-
cessing POMs. From a materials science point of view, cellulose has 
several advantages, such as its hierarchical porosity and fibrous nano-
structure, high surface area, excellent flexibility, and rich organic 
functionalities, which make it an ideal substrate and template for the 
nanofabrication of various bulk materials [36,37]. Recently, we have 
developed nanocompositing techniques for fabricating porous materials 
(e.g., metal–organic frameworks, COFs, porous carbons), with the 
assistance of cellulose, into freestanding nanopapers and aerogels which 
have hierarchical porosity, high mechanical strength, and excellent 
flexibility [38–45]. The nanopapers can be used as efficient filters for 
cleaning air, or electrodes for assembling flexible devices for energy 
storage and harvesting. Herein, we report a facile interweaving 

technique for processing an ionic COF material into freestanding 
nanopapers with the assistance of commercial filter paper-based cellu-
lose fibers (CF). We also investigated the adsorption kinetics, adsorption 
capacity and selectivity of both the COP and CF-COF nanopapers for 
trace amounts of [AuCl4]− in aqueous solution. In addition, we inves-
tigated the efficacy of the CF-COF nanopapers to withstand continuous, 
long-term capture of gold species from flowing E-waste leaching 
solutions. 

2. Results and discussion 

In a typical hydrometallurgy process, E-waste is digested in aqua 
regia to dissolve metals. Common metal elements such as Cu, Zn, Sn, Fe, 
Pb, Al and Ni are dissolved into metal cations, while Au is converted into 
[AuCl4]− anions. The theory is that the ionic COF materials with cationic 
frameworks and anionic counter-ions could selectively capture [AuCl4]−

anions from the metal leachate due to the ion exchange mechanism. The 
cationic COF network could have strong electrostatic interaction with 
[AuCl4]− anions while repulsing other metal cations [46]. The addition 
of specific functional groups such amines to the COFs could reduce 
[AuCl4]− anions to Au0 as a result of the high reduction potential of 
[AuCl4]− and the reductive activity of the amines. Therefore, the syn-
ergetic effects of physisorption, ion exchange and chemical reduction of 
[AuCl4]− on the ionic COF materials could result in significantly higher 
capture capacity and selectivity than a conventional physisorption 
process. In this context, we synthesized a guanidinium-based ionic COF 
for studying gold recovery from E-waste. The TpTGCl COF was synthe-
sized by condensation of 1,3,5-triformylphloroglucinol (Tp) and tri-
aminoguanidiniumchloride (TGCl) in a hydrothermal reaction (Fig. 1a) 

Fig. 1. (a) Synthesis of TpTGCl COF; (b) zeta potential of an aqueous suspension of TpTGCl COF; (c) powder X-ray diffraction pattern for TpTGCl COF; (d) N2 
adsorption and desorption isotherms for TpTGCl COF recorded at 77 K. The inset shows the pore size distribution of TpTGCl COF calculated from the adsorption 
isotherm using density functional theory model. (e) Scanning electron microscopy and (f) transmission electron microscopy images of TpTGCl COF. 

Q. Xu et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 458 (2023) 141498

3

[35,47,48]. The aqueous suspension of fine particles of TpTGCl COF 
(~0.4 mg/mL) exhibited a positive zeta potential of + 25.7 mV, indi-
cating the cationic structure of the COF (Fig. 1b). The presence of 
chloride counter ions was revealed by strong peaks for Cl 2p1/2 and Cl 
2p3/2 at 197.71 and 199.38 eV, respectively, under X-ray photoelectron 
spectroscopy (XPS; Fig. S1). Energy-dispersive X-ray spectroscopy (EDS) 
elemental mapping also confirmed the presence of Cl in TpTGCl COF 
(Fig. S2). The molecular structure was studied using infrared (IR) and 
solid-state 13C nuclear magnetic resonance (NMR) spectroscopy (Fig. S3 
and S4). The strong double peaks at 1593 and 1621 cm− 1 in the IR 
spectrum were assigned to the C––C and C––O stretching vibrations, 
respectively. The infrared peak band at 1288 cm− 1 was attributed to the 
C – N stretching vibration. The NMR signals for the chemical shifts at 
99.7 and 161.5 ppm were assigned to the carbon atoms of C––C and 
C––O, respectively, located on the C6 member rings. The signal for the 
carbon atoms in C – N linkages was found at 149.9 ppm. 

More detailed assignments and analyses of the IR and NMR spectra 
are provided in the Supporting Information (Fig. S3 and S4). The spec-
troscopic studies indicated that the framework consisted of a keto- 
enamine structure which was formed by reversible Schiff-base conden-
sation and irreversible enol to keto tautomerization. The keto-enamine 
linkages endowed TpTGCl COF with high physiochemical stability that 
the structure of TpTGCl COF had no significant change after soaking the 
sample in in an aqueous HCl solution (pH = 2.0) for 24 h (Fig. S5). The 
powder X-ray diffraction (XRD) pattern for the TpTGCl COF displayed 
broad peaks at 9.8◦ and 27.5◦, corresponding to (100) and (001) 
planes, respectively (Fig. 1c). The weak crystallinity may be the result of 
an ionic feature, namely that repulsion of the cationic layers hampered 

the formation of a highly ordered and stacked structure. TpTGCl COF had 
a relatively high Brunauer, Emmett, Teller (BET) surface area of 247.7 
m2/g. Analysis of the adsorption isotherm revealed the presence of both 
micropores and mesopores with pore sizes centered at 1.5 and 18 nm, 
respectively (Fig. 1d). Interestingly, TpTGCl COF was nanofibrous in 
structure, with a fiber thickness of ~ 50 nm, as shown in the scanning 
electron microscopy (SEM) image; this differed from the morphology of 
the same nanosheets reported in previous studies (Fig. 1e) [47,49]. 
High-resolution transmission electron microscopy (TEM) images clearly 
showed the irregular mesopores between the nanofibers (Fig. 1f). 
Therefore, the micropores were generated from the polymer network, 
while the mesopores were generated from aggregation of the nanofibers. 
It is noteworthy that the stacked nanofibrous structure not only formed 
the mesopores that could increase mass transport during the adsorption 
process, but may also have facilitated dispersion of the material in 
water, which would be greatly beneficial for material processing. 

Because of its relatively high surface area, hierarchical porosity, 
ionic structure and rich amine content, TpTGCl COF was used to capture 
[AuCl4]− from aqueous solution. Both adsorption kinetics and capacity 
were studied in detail. Specifically, TpTGCl COF powder was mixed with 
de-ionized water. The mixture was then easily sonicated into a homo-
geneous brown suspension because of its ionic framework and the 
associated high hydrophilicity. A clear Tyndall effect was observed with 
the suspension (Fig. S6). Once the suspension was mixed with an 
aqueous solution of Na[AuCl4]•2H2O (100 ppm of Au; pH = ~3.0), it 
turned dark brown and then immediately became black (Fig. 2a). The 
obvious color change was probably the result of reduction of [AuCl4]− to 
form gold nanoparticles. The adsorption capacity reached 1,794 mg Au/ 

Fig. 2. TpTGCl COF for recovering trace amounts of [AuCl4]− in aqueous solution. (a) Kinetic curve of Na[AuCl4]•2H2O capture on TpTGCl COF. The inset shows the 
color change of the aqueous suspension of TpTGCl COF upon mixing with Na[AuCl4]•2H2O solution; (b) UV–vis spectra of aqueous Na[AuCl4]•2H2O solutions at 
different intervals during the scavenging experiment. The inset compares optical images of aqueous Na[AuCl4]•2H2O solution and the solution after the scavenging 
experiment; (c) Na[AuCl4]•2H2O adsorption isotherm of TpTGCl COF; (d) Na[AuCl4]•2H2O capture performance on TpTGCl COF for three consecutive cycles. 
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g of TpTGCl COF at 95 min. More importantly, the kinetic study indi-
cated fast capture of [AuCl4]− by TpTGCl COF in that the capacity 
reached 27.3 % and 59.6 % of the saturation capacity in 1 and 10 min, 
respectively. The kinetic curve fitted well with a pseudo–second-order 
kinetic model giving a correlation coefficient value of 0.968, which was 
much higher than that of the analysis using a pseudo-first-order kinetic 
model (0.919) (Fig. 2a and S7). This suggests that the capture process 
was dominated by chemical adsorption associated with electron transfer 
between TpTGCl COF and [AuCl4]− . The main rate-limiting step is 
chemical adsorption rather than interparticle diffusion [50]. In addition, 
[AuCl4]− can be fully removed from the solution by increasing the 
amount of TpTGCl COF. As shown in Fig. 2b, the aqueous solution of 
[AuCl4]− (227.5 mL, 213 ppm of Au) changed from yellow to colorless in 
a few minutes after mixing with 90 mg of TpTGCl COF. The time- 
dependent UV–vis spectra recorded during the capture process 
revealed the rapid removal of [AuCl4]− from the solution. Remarkably, 
the capacity maintained a high value (1,478 mg Au/g of TpTGCl COF) at 
an ultra-low concentration of 10 ppm of [AuCl4]− . The adsorption 
isotherm agreed well with Langmuir adsorption, giving a high maximum 
adsorption capacity of 1,895 mg Au/g of TpTGCl COF (Fig. 2c and S8). 
More importantly, the COF performed well in capturing gold for at least 
three consecutive adsorption/desorption cycles (Fig. 2d). It is worthy to 
note that TpTGCl COF had lower adsorption capacities of Au in neutral 
and basic solutions (Fig. S9), which can be attribute to the weaker 
electrostatic interactions between [AuCl4]− and the TpTGCl COF with 
lower zeta potentials at higher pH values (Fig. S10). 

The solid deposit from the mixture was collected by centrifugation 
once the capture process reached equilibrium. The composition and 
structure of the collected solid (TpTGCl COF-Au) was investigated to 
reveal the mechanism of the gold capture process. The IR spectra of the 
sorbent did not change significantly upon capturing [AuCl4]− , which 
indicated the high chemical stability of TpTGCl COF (Fig. S11). TpTGCl 
COF-Au displayed sharp diffraction peaks for elemental Au as observed 

in the XRD pattern, which indicated the reduction of [AuCl4]− during 
the capture process (Fig. 3a). Since the capture of [AuCl4]− and the 
formation of elemental Au on TpTGCl COF increased the bulk density 
and blocked the pores, the surface area and total pore volume were 
significantly reduced from 247.7 m2/g and 0.476 cm3/g for TpTGCl COF 
to 84.8 m2/g and 0.156 cm3/g for TpTGCl COF-Au (Fig. 3b). The ther-
mogravimetric analysis (TGA) curve of TpTGCl COF-Au in the temper-
ature range 25–800 ◦C was recorded under air atmosphere and the 
composition of the residue was determined to be pure elemental Au, 
based on the XRD study (Fig. S12). The large amount of the residue was 
consistent with the high capture capacities of COF for [AuCl4]− . The 
SEM image of TpTGCl COF-Au showed deposition of nanoparticles sized 
~ 100 nm on the surface of the TpTGCl COF substrate (Fig. 3c). The TEM 
images clearly and consistently showed that the nanoparticles were 
evenly distributed on the substrate, with sharp contrast between the 
nanoparticles and the substrate (Fig. 3d). Further studies coupled with 
EDS and elemental mapping confirmed that the nanoparticles were 
made of elemental Au (Fig. 3e). 

In addition, a set of ex-situ studies using zeta potential readings, SEM 
and XPS were carried out to monitor the process of capturing [AuCl4]−

on TpTGCl COF to improve our understanding of the detailed mechanism 
of the [AuCl4]− adsorption process. Firstly, a series of mixtures were 
prepared by adding different amounts of Na[AuCl4]•2H2O into an 
aqueous suspension of TpTGCl COF to give a mass ratio of Na[AuCl4]•
2H2O/TpTGCl COF ranging from 1:50 to 4:1. The zeta potential was 
measured after the mixtures had been stirred for 1 h. Interestingly, the 
zeta potential gradually decreased from + 15.8 mV for pure TpTGCl COF 
to − 35.7 mV with increasing amounts of Na[AuCl4]•2H2O. The 
decreased zeta potential may be explained by the formation of gold 
nanoparticles with a negatively charged surface and subsequent depo-
sition of the nanoparticles on the COF substrate. SEM images of the 
collected solids showed that the visible density of the gold nanoparticles 
on the substrate significantly increased with increasing Na[AuCl4]•

Fig. 3. (a) Powder X-ray diffraction pattern of the collected solid deposit of TpTGCl COF-Au after gold capture. A mass ratio of TpTGCl COF:Na[AuCl4] of 1:4 was used 
for the gold capture experiment. (b) Comparison of N2 sorption isotherms (77 K) for TpTGCl COF-Au and TpTGCl COF. The inset compares the pore size distributions 
for TpTGCl COF-Au and TpTGCl COF. (c) Scanning electron microscopy and (d) transmission electron microscopy images of TpTGCl COF-Au. (e) Elemental mapping 
for TpTGCl COF-Au. (f) The chart compares the variations in the zeta potential of TpTGCl COF aqueous suspension upon mixing with different amounts of Na[AuCl4]•
2H2O. The insets are SEM images of the collected solid deposits from the suspensions containing TpTGCl COF/Na[AuCl4] with different mass ratios (enlarged SEM 
images are shown in Fig. S13). (g) High-resolution Au 4f X-ray photoelectron spectra with deconvoluted results for the collected solids. 
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2H2O concentrations (Fig. 3f and S13). In addition, the collected solids 
were characterized by XPS to analyse the oxidation state of the gold 
species enriched on the COF. The high resolution Au 4f spectrum of the 
collected sample from the mixture with a Na[AuCl4]•2H2O/TpTGCl 
COF ratio of 1:2 indicated the formation of mainly elemental Au0 with a 
binding energy of 83.99 eV. In comparison, the binding energy for the 
gold species shifted positively by 0.12 and 0.36 eV upon increasing the 
ratio to 1:1 and 4:1, respectively. The Au 4f XPS spectra for the latter two 
samples were deconvoluted into two peaks at 84.9 and 83.9 eV, corre-
sponding to Au+ and Au0, respectively [34]. The Au+ was probably 
present in the reduced form of the [AuCl2]− species, which can be 
adsorbed onto TpTGCl COF via ion exchange and/or electrostatic in-
teractions. In addition, increasing the ratio resulted in an increase of the 
percentage of Au+ in the sample. However, no significant signal for Au3+

was found in the XPS spectra (Fig. 3g). The reduction potential of the 
TpTGCl COF (− 1.16 V) was more negative than the redox potential of 
[AuCl4]− to Au0 (1.002 V vs a normal hydrogen electrode [NHE]) and 
[AuCl4]− to [AuCl2]− (0.926 V vs an NHE), which makes the reduction 
process thermodynamically allowed (Fig. S14) [29,51]. The reduction 
was most probably driven by the rich amine species in TpTGCl COF that 
served as the reducing agent. These findings suggested that [AuCl4]−

species at low loading amounts can be fully reduced to Au0 nanoparticles 
by the TpTGCl COF adsorbent, while a higher loading amount of 
[AuCl4]− resulted in the formation of both [AuCl2]− species and Au0 

nanoparticles due to the limited reduction capacity of the adsorbent 
(Scheme S1). 

In contrast to the process of [AuCl4]− capture, the kinetics of the 
adsorption of Cu2+ onto TpTGCl COF was much slower, and the capacity 
was lower: up to 55.3 mg Cu/g TpTGCl COF at 100 ppm (Fig. S15). The 
low adsorption capacity can be explained by the repulsive effect be-
tween the cationic COF framework and Cu2+. In addition, there were no 
diffraction peaks of elemental Cu in the XRD pattern of the collected 
COF sample after adsorption (Fig. S16). Consistently, the high resolution 
of the Cu 2p XPS spectrum only displayed peaks for Cu2+ (Fig. S17). 
These results suggest that the adsorption of Cu2+ onto TpTGCl COF is a 
purely physical process. Therefore, TpTGCl COF is expected to selec-
tively capture [AuCl4]− from a solution containing mixed metal ions. 

From a practical application point of view, the use of TpTGCl COF 
powder for capturing gold from E-waste is not feasible because separa-
tion of the fine gold-enriched COF particles from the highly diluted so-
lution is complicated and energy intensive. It thus would be greatly 
beneficial to develop membranes based on TpTGCl COF that would allow 
the use of a membrane separation technique for capturing gold. Gold 
species can be captured and enriched on the membrane used as a fixed 
filter by continuously flowing the solution through the membrane. We 
therefore fabricated freestanding nanopapers consisting of TpTGCl COF 
and cellulose fibers, using an interweaving technique. Specifically, a 

well-dispersed suspension of TpTGCl COF in water was thoroughly 
mixed with an aqueous suspension of commercial filter nanopaper- 
based cellulose fibers using probe sonication. Flexible, foldable, free- 
standing CF-COF nanopapers were prepared by filtering the mixture 
through a polyethersulfone membrane (pore diameter: 0.45 μm), fol-
lowed by drying and peeling off procedures (Fig. 4a). This nano-
engineering approach took advantage of the good processability and 
nano/microfibrous structure of cellulose fibers and the good water- 
dispersibility of TpTGCl COF. In addition, the natural abundance, 
biodegradability and low cost of cellulose and the use of water as the 
only solvent provided environmental advantages. The XRD patterns for 
the CF-COF nanopaper displayed weak diffraction peaks for TpTGCl COF 
at 2θ of 9.8◦ and 27.5◦ and intensive peaks for cellulose at 2θ of 15.0◦, 
16.8◦, 22.9◦ and 34.5◦ (Fig. 4b). Comparison of the XRD patterns for the 
TpTGCl COF, CF, and CF-COF nanopapers suggested that both TpTGCl 
COF and CF maintained their crystalline structure during the nano-
engineering process (Fig. S18a). In addition, the hierarchical porosity of 
TpTGCl COF remained in the CF-COF nanopaper, resulting in a surface 
area of 100.3 m2/g and the presence of pores with pore sizes centered at 
1.5 and 30 nm (Fig. 4c). The TpTGCl COF content in the nanopaper was 
calculated as ~ 52 wt% by analysing the TGA curves for the CF-COF 
nanopaper, TpTGCl COF and CF (Fig. S19). The top view SEM images 
for the CF-COF nanopaper clearly showed that the COF particles were 
interwoven through the cellulose micro- and nanofibers and were evenly 
dispersed within the network (Fig. 4d-e and S20). The side view of the 
nanopaper showed a similar mixed matrix structure (Fig. 4f-g). Given 
the compact and interconnected nanostructure, the nanopaper displayed 
relatively high mechanical strength with tensile strength of 1.84 MPa 
and Young’s modulus of 71.98 MPa, respectively (Fig. S21). 

Obviously, the freestanding, flexible features of CF-COF nanopapers 
with high water flux (~158.7 L/m2/h) enabled their use for membrane 
separation. Firstly, the removal performances of the CF-COF nanopapers 
for [AuCl4]− and Cu2+ from the aqueous solutions were evaluated. 
Specifically, an aqueous solution of Na[AuCl4]•2H2O (505 mL, 50 ppm 
of Au) was flowed through a CF-COF nanopaper (effective area: 3.8 cm2, 
TpTGCl COF loading density: 3.55 mg/cm2) at a constant flow rate of 1.0 
mL/min. The concentration of Na[AuCl4]•2H2O in the outlet solution 
was measured at various intervals. Remarkably, the concentration of Au 
remained at low values of < 1 ppm for up to 200 min, indicating that the 
CF-COF nanopaper had a high removal efficiency for the initial 200 mL 
of solution. The concentration then gradually increased to 10.86 ppm at 
320 min and finally reached 43.52 ppm at the end of the experiment, 
indicating that the nanopaper displayed overall removal rates of 99 % 
and 74.3 % for the initial 200 mL solution and the total solution, 
respectively (Fig. 5a-b). When increasing the flow rate to 2.0 mL/min, 
the CF-COF nanopaper displayed a slightly lower removal efficiency that 
the overall removal rate was 87.2 % for the initial 200 mL solution 

Fig. 4. (a) Schematic illustration of the preparation of freestanding CF-COF nanopaper from cellulose fibers and TpTGCl COF; (b) powder X-ray diffraction pattern of 
CF-COF nanopaper; (c) N2 sorption isotherm and pore size distribution of CF-COF nanopaper. Scanning electron microscopy images of CF-COF nanopaper from (d-e) 
top view and (f-g) side view, at different magnifications. 
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(Fig. S22). The slightly decreased efficiency can be explained by the 
reduced interaction time between the CF-COF nanopaper and the solute 
during the separation. More importantly, the CF-COF film demonstrated 
relatively good cyclic performance for capturing Au from the aqueous 
solution (Fig. S23). In contrast, removal rates with the CF-COF nano-
paper for the Cu(NO3)2⋅3H2O solution were significantly lower under 
the same conditions (flow rate: 1 mL/min). The removal rate was only 
63.3 % in the initial stage of the experiment and it decreased rapidly to 
15.75 % at 30 min and to < 10 % after 60 min. The overall removal rate 
was calculated to be as low as 10.5 % (Fig. 5c–d). In addition, the 
removal performance of the CF-COF nanopaper was evaluated for a 
solution containing both Na[AuCl4]•H2O (50 ppm) and Cu(NO3)2⋅3H2O 
(50 ppm) (Fig. 5e–f). Remarkably, the presence of Cu2+ in the solution 
had no influence on the capture of [AuCl4]− . The nanopaper (effective 
area: 3.8 cm2, TpTGCl COF loading density: 3.7 mg/cm2) showed 
extremely high removal rates of 99.9 % and 96.4 % for [AuCl4]− at 300 
and 420 min, respectively, in contrast to negligible removal rates of 3.8 
% and 2.4 % for Cu2+ at the same intervals. These results were fully 
consistent with the adsorption studies in that both TpTGCl COF and CF- 
COF nanopapers displayed a high capacity and selectivity for trace 
amounts of Na[AuCl4]•H2O from aqueous solution. Thereafter, in a 
proof-of-concept study, we used the CF-COF nanopapers as membranes 
for capturing gold species from the E-waste leaching solution, which was 
prepared by digestion of printed circuit board (PCB) waste in aqua regia 
(Fig. 5g). The pH value of the mixture was adjusted to ~2.0 and any 
undissolved solids in the mixture were removed by centrifugation. 
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 
analysis indicated that the obtained solution contained significant 
amounts of Cu (3780.8 ppm) and Ni (512.55 ppm) and trace amounts of 

Al (13.51 ppm) and Au (8.92 ppm). The removal rate for the CF-COF 
nanopaper was > 90 % for Au, which was much higher than the 
values for the other elements (Fig. 5h). Due to the selective reduction of 
gold species by the TpTGCl COF component in the CF-COF nanopaper, 
the collected nanopaper displayed characteristic diffraction peaks for 
elemental Au, while no diffraction peaks of other metals were observed 
(Fig. S24). In contrast to the use of sorbent powders to capture gold, 
which required an additional separation procedure to isolate the sor-
bents (Fig. S25-26, Table S1), the gold-enriched CF-COF nanopapers can 
be directly subjected to refining processes to obtain gold with high pu-
rity. In addition, the membrane separation process was more time- 
efficient than reported studies based on conventional adsorption tech-
niques [13,14,28–35]. 

Finally, we calculated the economics of gold recovery from E-waste 
using the CF-COF nanopapers. Based on the cost of the chemical starting 
materials, TpTGCl COF can be synthesized in the lab at a cost of ~ $0.97/ 
g (Table S2) and the preparation of 10 pieces of CF-COF membrane 
(diameter: 5 cm, thickness: 0.2 mm, weight: 200 mg, mass loading of 
COF: ~50 wt%) cost ~$2. Since 1 g of the COF can capture 1.794 g of 
gold, the gold captured by 10 pieces of CF-COF membranes would be 
worth $103.5 (calculated based on the current gold price, $57.7/g). The 
profit margin could be further increased by large-scale production of the 
membranes. 

3. Conclusion 

A facile and environmentally friendly nanoengineering technique 
has been developed for processing COF materials into freestanding, 
flexible nanopapers with the assistance of commercial filter paper-based 

Fig. 5. Membrane separation performances of CF-COF nanopapers in an aqueous solution of (a-b) Na[AuCl4]•2H2O (50 ppm of Au); (c-d) Cu(NO3)2⋅3H2O (50 ppm of 
Cu); and (e-f) a mixed solution consisting of both Na[AuCl4]•2H2O (50 ppm of Au) and Cu(NO3)2⋅3H2O (50 ppm of Cu). (g) Schematic illustration of the whole 
process of gold capture from printed circuit board (PCB) waste based on CF-COF nanopapers. (h) Capture efficiencies of different metals from the PCBs. 
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cellulose fibers. The COF particles were interwoven with the cellulose 
fibers to form a compact, homogeneous network in the nanopapers. The 
ionic structure and the nanofibrous structure of the COF, along with the 
excellent processability of the cellulose fibers, played a key role in the 
success of the process. The nanopapers had extremely high capture ca-
pacity, and good kinetics and selectivity for trace amounts of [AuCl4]−

in the aqueous solution as a result of the synergetic effects of physical 
adsorption, ion exchange and chemical reduction of the gold species on 
the COF. A proof-of-concept study demonstrated that the nanopaper- 
based membranes could capture gold species from metal leachates of 
PCB waste with high efficiency and good selectivity. Further studies 
could focus on growing COF nanolayers on the surface of cellulose 
nanofibers via an interfacial synthetic method. The precious metal re-
covery performance of nanopapers composed of such integrated nano-
fibers would be expected to be superior. It is hoped that this study 
promotes the development of freestanding sustainable membranes 
based on porous organic materials and their application in various 
separation processes related to E-waste recycling. 
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