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An isoreticular series of Zr–tricarboxylate based
metal–organic nanosheets for water purification
applications

Jiangtian Tan,*a Bethany J. Lingard,b Ram R. R. Prasad,b Louis Kimberley,c

Kangsheng Bretherton-Liucd and Jonathan A. Foster *b

Metal–organic nanosheets (MONs) are porous two-dimensional materials with enormous potential for

creating membranes for a wide range of separation applications. Here, we investigate an isoreticular

series of Zr–tricarboxylate based MONs bearing different organic ligands for dye separation. A

modulated synthesis approach produced monolayer nanosheets with high aspect ratios for all three

systems. Composite membranes were formed by spin-coating ethanol suspensions of the nanosheets

onto porous polyethersulfone (PES) supports. All three nanosheet systems exhibited consistent

performance, with high rejections (72.7–83%) and permeabilities (up to 119.6 L m−2 h−1 bar−1) observed

for larger anionic dyes. The observed insensitivity to ligand functionalization, combined with the high

permeation of dyes smaller than the pore aperture, indicates that size exclusion is the dominant

separation mechanism. This study demonstrates the potential of Zr–tricarboxylate based MONs as

a robust and structurally tunable platform for creating high-performance membranes for the effective

removal of organic dyes from aqueous environments.

1. Introduction

Metal–organic nanosheets (MONs) are a class of porous two-

dimensional (2D) materials formed by the co-ordination of

metal ions or metal clusters to organic ligands.1,2 MONs have

diverse chemical properties and tunable structures, making

them ideal materials for a wide range of applications, including

sensing,3,4 catalysis,5,6 optoelectronics7,8 and drug delivery.9,10 In

particular, MONs are ideally suited for use in membrane-based

separation applications due to their ultrathin nature and well-

dened pore sizes.11–13 The molecular nature of MONs allows

their structures to be systematically tuned to modify pore-size

and surface functionalities to enable ne tuning of their

properties.

MONs have so far been investigated for a variety of separa-

tion applications, including gas separation,14–16 oil–water sepa-

ration,17 desalination18 and particularly dye separation. For

example, Ang and Hong reported membranes formed using

polycation-crosslinked zinc porphyrin based MONs that

exhibited high water permeance of up to 4243 L m−2 h−1 bar−1

and excellent rejection of organic dyes in aqueous solutions.19 Li

and co-workers prepared MMMs with BUT-203 (BUT = Beijing

University of Technology) MONs and polyethyleneimine by

a blending-spin-coating method, which showed a high water

permeance of up to 87 L m−2 h−1 bar−1 and high rejection of

>97.9% toward anionic dyes with molecular weight larger than

461.20 Xuan and co-workers prepared a portable separation

device using [Cu2(H4TTAC)(DMF)2]n MONs (H4TTAC = ter-

phenyl tetracarboxylate acid), which exhibited >99.5% removal

of organic dyes phthalocyanine green and copper

phthalocyanine.21

Amongst the wide variety of MONs reported in the literature,

Zr–BTB (BTB = 1,3,5-benzenetribenzoate) has attracted

considerable attention due to its high water, chemical and

thermal stability and ease of preparation and functionalisa-

tion.22,23 For example, Zhao and co-workers reported the facile

and scalable synthesis of Zr–BTB MONs by a crystal growth

modulation method, and the nanosheets they obtained were

used to prepare sensors for capacitive gas sensing.24 Recently,

our group reported that Zr–BTB MONs could be processed into

gels in different solvent systems via a facile centrifugation

process, which could then be used for selective loading and

differential release of small molecules based on their size and

charge.25 The use of Zr–BTB in other applications has also been

investigated, including DNA detection,26 2,4-dinitrophenol

sensing27 and catalysis.28 Various methods have also been

developed to post-synthetically functionalise Zr–BTB MONs to

systematically tune their structures and properties, including

functionalisation of Zr–BTB with pillaring ligands23 and
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introduction of indium into Zr–BTB MONs by metal-ion

exchange.29 In addition, a series of Zr–tricarboxylate based

MONs with an isoreticular structure to Zr–BTB have also been

reported in the literature, including its amino, methyl and

carboxyl derivatives (Zr–BTB–NH2, Zr–BTB–CH3 (ref. 24) and Zr–

BTB–COOH30 and Zr–TATB in which the Zr6 clusters are linked

by 4,40,400-s-triazine-2,4,6-triyl-tribenzoic acid (H3TATB) ligands

forming nanosheets with an average thickness of 1.48 nm.31

To our knowledge, only two previous example of Zr–tri-

carboxylate based MONs for water purication has been re-

ported in the literature, in which Zr–BTB MONs were deposited

onto polyacrylonitrile (PAN)-400 supports to prepare composite

membranes by a doctor blade casting method.18 The Zr–BTB/

PAN-400 membranes exhibited high rejection (>95%) of

organic dyes, such as acid fuchsin and methyl blue, as well as

excellent desalination performance toward Mg2+ and Al3+ in

aqueous solutions. However, compared to other MON-based

water purication membranes,19 the relatively low water per-

meances of the Zr–BTB/PAN-400 membranes (1 to 3.2 Lm−2 h−1

bar−1) could impede their industrial applications. A recent

follow up study explored how the Zr–BTB nanosheets could be

post-synthetically functionalised with photo-responsive mono-

dentate carboxylic acids can be used to create subtle variations

in interlaying spacing to ne tune permeability (up to 22.7 L

m−2 h−1 bar−1).32

In this work, we investigate Zr–tricarboxylate based MONs as

a promising class of water-stable and structurally tunable two-

dimensional materials for membrane-based water purica-

tion. In order to explore how ligand functionality inuences

membrane structure and performance, a series of three iso-

reticular frameworks were investigated, specically (Fig. 1a):

1,3,5-benzenetribenzoic acid (H3BTB), 20-amino-50-(4-carbox-

yphenyl)-[1,10:30,100-terphenyl]-4,400-dicarboxylic acid (H3BTB-

NH2) and 4,40,400-s-triazine-2,4,6-triyl-tribenzoic acid (H3TATB).

Ethanol suspensions of the three MONs were spin-coated onto

highly permeable polyethersulfone (PES) supports to prepare

composite membranes, providing a membrane architecture

with substantially higher intrinsic permeability than previously

reported PAN-supported systems. The water purication

performance of the resulting membranes were systematically

studied for a series of dyes with different sizes and charges.

2. Results and discussion
2.1. Preparation and characterisation of MONs

Three Zr–tricarboxylate based MONs were synthesised by

adapting the method reported by Zhao and co-workers.24 As

shown in Fig. 1a, zirconium(IV) chloride (ZrCl4, 0.129mmol) and

the tritopic carboxylic acid ligands (H3BTB, H3BTB–NH2 or

H3TATB, 0.068 mmol) were dissolved in amixture of formic acid

(HCOOH, 2 mL), deionised water (H2O, 2 mL) and N,N-di-

methylformamide (DMF, 15 mL), which was then heated at

120 °C for 24 h in a reaction oven. The resulting viscous

suspensions of the three MONs were then centrifuged and

washed three times with fresh DMF then ethanol. The washed

MONs were stored in ethanol as homogeneous suspensions

with a concentration of 2.5 mg mL−1 until needed.

Ethanol suspensions of the Zr–BTB, Zr–BTB–NH2 and Zr–

TATB MONs (1 mL) were dried using a hot plate at 80 °C to

remove most of the solvent and then at 120 °C for complete

drying. The resulting solids were characterised by powder X-ray

diffraction (PXRD). The PXRD patterns of the three as-

synthesised MONs matched well with the ones reported in the

literature,24,31 suggesting that phase pure MONs were syn-

thesised (Fig. 1b). Compared to the simulated PXRD pattern of

3D Zr–BTB, the PXRD patterns of the three as-synthesised

MONs showed only two peaks at 2q = 5.1° and 8.9°, and the

other peaks were not observed. This could be attributed to the

extreme aspect ratios of the nanosheets resulting in line

broadening and preferred orientation effects.14,31 Zr–BTB–NH2

and Zr–TATB showed the same characteristic as Zr–BTB, indi-

cating that the three MONs have an isoreticular structure.

Fig. 1 (a) Synthesis of an isoreticular series of Zr–tricarboxylate based

MONs using different ligands, including H3BTB, H3BTB–NH2 and

H3TATB. The crystal structure is downloaded from CCDC (deposition

number: 1567188). (b) PXRD patterns of the as-synthesised Zr–BTB,

Zr–BTB–NH2 and Zr–TATB MONs, comparing with the simulated

pattern of Zr–BTB.
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The as-synthesised MONs were also characterised using

atomic force microscopy (AFM) and the results showed that the

three nanosheets had a similar thickness between 1–1.5 nm

(Fig. 2a–c). This is comparable to the van der Waals size of Zr6
clusters (1.2 nm) in MONs reported in the literature,33 indi-

cating the formation of monolayer nanosheets. SEM charac-

terisations of the three MONs conrmed their two-dimensional

sheet-like morphologies (Fig. 3a–c and S1–S3) and dynamic

light scattering (DLS) results showed that the three MONs have

similar particle size distributions in the range of 2–6.5 mm

(Fig. S4–S6).

These results indicated that an isoreticular series of Zr–tri-

carboxylate based MONs with monolayer thickness and similar

particle size distributions were successfully prepared by simply

varying the organic ligands in the synthesis of Zr–BTB. The re-

ported pore size of Zr–BTB and Zr–BTB–NH2 MONs in the

literature is 0.54 nm,15 smaller than the sizes of organic dyes in

aqueous solutions, such as brilliant blue G (BBG, 1.72 × 2.22 ×

0.56 nm), methyl (MO, 1.47 × 0.43 × 0.25 nm) and methylene

blue (MnB, 1.46 × 0.50 × 0.18 nm, Table 1).19 Therefore, all

three MONs were considered promising materials for the

preparation of water purication membranes for use in dye

separations.

2.2. Water purication membranes

Composite membranes of Zr–BTB, Zr–BTB–NH2 and Zr–TATB

MONs for water purication experiments were prepared by

a facile spin-coating method onto highly permeable poly-

ethersulfone (PES) supports with a large pore size of 200 nm.

The PES support was xed to a spin coater and spun at

2500 rpm. Two 500 mL portions of ethanol suspension of MONs

(2.5 mg mL−1) were deposited onto the PES support and spun

for 640 s. The obtained composite membranes (denoted as Zr–

BTB/PES, Zr–BTB–NH2/PES and Zr–TATB/PES) were dried at

Fig. 2 AFM images and corresponding height profiles of (a) Zr–BTB, (b) Zr–BTB–NH2 and (c) Zr–TATB MONs.

© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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room temperature and characterised by PXRD. The PES support

is amorphous in nature and showed only one broad peak at 2q=

18° which was found in the PXRD patterns of all three

composite membranes (Fig. 3d–f). A small, but characteristic

peak belonging to the MONs (at 2q = 5.1°) was observed in the

PXRD patterns of the three composite membranes (Fig. 3d–f),

indicating that the crystallinity of all three MONs was main-

tained during membrane preparation.

SEM imaging of the Zr–BTB/PES membrane showed that the

deposited MONs formed a continuous layer and conrmed

a good adhesion between the MONs and the PES supports

(Fig. 3g, S10 and S24). X-ray spectroscopy (EDS) elemental

mapping characterisations showed homogeneous distributions

of C, O and S elements in the PES support (Fig. S8). Samples

prepared with lower loadings of MONs (1.25 mg mL−1) showed

partial coverage with exposed PES supports whilst higher

loadings (5 mg mL−1) showed thicker membranes with some

cracking (SI Fig. S25). The Zr–BTB–NH2/PES membrane (2.5 mg

mL−1, Fig. 3h and S11) showed a similar surface morphology to

the Zr–BTB/PES membrane and EDS elemental mapping char-

acterisations of the two membranes showed the presence of Zr

element in them (Zr–BTB/PES: 6.6 wt%, Zr–BTB–NH2/PES:

5.4 wt%, Fig. S11 and S13). SEM imaging of the Zr–TATB/PES

membrane (2.5 mg mL−1, Fig. 3i and S14) showed that it had

a similar surface morphology to the other two composite

membranes.

Post-ltration PXRD characterisations of all three

membranes conrm that the characteristic MON crystallinity is

retained aer BBG ltration (Fig. S26), indicating no structural

degradation of the selective layer. Furthermore, a long-term

stability test was conducted on the Zr–BTB/PES membrane by

ltering 450 mL of BBG feed—nearly double the standard

250mL test volume—with permeate collected in 50mL intervals

(Fig. S27 and S28). The membrane exhibited stable water per-

meance aer the initial 50 mL, while rejection progressively

increased and stabilised above 88%, yielding an overall

Fig. 3 SEM images of (a) Zr–BTB, (b) Zr–BTB–NH2 and (c) Zr–TATB MONs. (d–f) PXRD characterisations of the PES support, Zr–BTB/PES, Zr–

BTB–NH2/PES and Zr–TATB/PES membranes. SEM images of (g) Zr–BTB/PES, (h) Zr–BTB–NH2/PES and (i) Zr–TATB/PES membranes. The inset

SEM image in (g) shows the PES support, scale bar: 5 mm.

Nanoscale Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry
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rejection of 87% that falls within the experimental error of our

standard tests (83 ± 7%). Together with the post-ltration SEM

images (Fig. S18–S20), these data collectively conrm that the

membranes preserve their morphology, crystalline structure

and separation performance under extended operation. These

results indicated that the Zr–BTB/PES, Zr–BTB–NH2/PES and

Zr–TATB/PES membranes with maintained MON crystallinity

and similar surface morphologies were successfully prepared,

and the use of these membranes in water purication were

studied.

2.3. Water purication experiments

The water purication performance of the three composite

membranes (Zr–BTB/PES, Zr–BTB–NH2/PES and Zr–TATB/PES)

and the PES supports were investigated for a series of dyes

with different sizes and charges (Tables 1 and S2). In addition,

the adsorptions of BBG, MO and MnB dyes on the three

composite membranes and the PES supports during water

purication experiments were also investigated to understand

the interactions between the membranes and the dyes with

different charges and their effects on the water purication

performance of the membranes.

The water purication experiments were conducted using

a Sterlitech HP4750 stirred cell operated at 1 bar pressure

(Fig. S16) and all experiments were stirred at 500 rpm in order to

minimise the concentration polarisation effect.19 0.25 L of

aqueous dye solution feed (10 mg L−1) was added and the

experiment stopped when approximately 0.2 L of permeate was

collected. The water purication experiment was repeated three

times for each nanosheet system using independently prepared

membranes. The water permeance, percentage rejection and

percentage adsorption of the membranes for aqueous BBG, MO

and MnB dye solutions were calculated as detailed in the exper-

imental section and the results were summarised in Table 1.

The water purication performance of the PES membranes

toward negatively charged BBG dyes was studied. As shown in

Table 1, the PES supports showed water permeances of 7821.7 ±

481 L m−2 h−1 bar−1 and rejected 21 ± 3% BBG. The base-line

variation in these numbers is relatively high, presumably due

to batch-to-batch differences in porosity and pore size distribu-

tion in these commercially available support membranes as well

as challenges in accurately measuring very high permeances.

Spin-coating of Zr–BTB, Zr–BTB–NH2 and Zr–TATB MONs

onto the PES supports signicantly increased their percentage

Table 1 Structures and properties of BBG, MO and MnB dyes and water purification performance of membranes

Dye Structure Properties Membrane

Water permeance

(L m−2 h−1 bar−1)

Rejection

(%)

Adsorption

(%)

BBG

Molecular weight (g mol−1) 831.03 PES 7821.7 � 481 21 � 3 18 � 3.6

Zr–BTB/PES 48.2 � 26.2 83 � 7 17.3 � 9.6Dimensions of hydrated BBGa (nm)

1.72 × 2.22 × 0.56 Zr–BTB–NH2/PES 72.9 � 45.6 78.7 � 16.3 21.3 � 9.5
Formal charge −1 Zr–TATB/PES 119.6 � 84.3 72.7 � 18.5 23 � 7.8

MO

Molecular weight (g mol−1) 304.34 PES 9276 � 515.8 0.9 � 0.2 0.8 � 0.2

Zr–BTB/PES 4599.7 � 1253.8 1.8 � 0.4 1.6 � 0.4Dimensions of hydrated MOa (nm)

1.47 × 0.43 × 0.25 Zr–BTB–NH2/PES 3332 � 1516 1.4 � 0.3 1.1 � 0.2
Formal charge −1 Zr–TATB/PES 3674.7 � 1854 1.6 � 0.6 1.3 � 0.4

MnB

Molecular weight (g mol−1) 284.40 PES 9705 � 393.8 6.9 � 5.3 6.2 � 4.8

Zr–BTB/PES 4769.3 � 1151.8 25.8 � 20.4 21.3 � 16.6Dimensions of hydrated MnBa (nm)

1.46 × 0.50 × 0.18 Zr–BTB–NH2/PES 2194.7 � 1436.9 17.7 � 15.6 14.8 � 13.8

Formal charge +1 Zr–TATB/PES 2906.7 � 2193.9 21.3 � 7.1 18 � 6.2

a Dimensions of hydrated BBG, MO and MnB dyes were reported by Ang and Hong.19

© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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rejection of BBG. In three repeated experiments, the Zr–BTB/

PES, Zr–BTB–NH2/PES and Zr–TATB/PES membranes exhibi-

ted rejection percentages of 83 ± 7%, 78.7 ± 16.3%, and 72.7 ±

18.5% of BBG, respectively (Table 1). The adsorption of BBG on

the composite membranes was found to be signicantly lower

than their rejection of BBG (Fig. 4a and d). This indicated that

the high degree of rejection shown by the composite

membranes toward the large BBG dye was predominantly due to

size exclusion effects by the MONs rather than the adsorption of

dyes by the membranes. Signicantly, although deposition of

the three MONs onto the PES supports decreased their per-

meances toward aqueous BBG solutions, the membranes

prepared in this work retained high water permeances of 48.2–

119.6 L m−2 h−1 bar−1.

The water purication performance of the membranes

towards smaller negatively charged MO dyes was investigated.

Compared to BBG, the PES supports exhibited higher water

permeances of 9276 ± 515.8 L m−2 h−1 bar−1, but almost no

rejection toward MO (0.9 ± 0.2%, Table 1). Spin-coating of the

threeMONs onto the PES supports did not signicantly improve

their rejection of MO, and the Zr–BTB/PES, Zr–BTB–NH2/PES

and Zr–TATB/PES membranes showed rejection percentages of

only 1.8 ± 0.4%, 1.4 ± 0.3%, and 1.6 ± 0.6% toward MO,

respectively (Table 1).

The water purication performance of the membranes

toward small positively charged MnB dyes was also studied. The

PES supports exhibited permeances of 9705 ± 393.8 L m−2 h−1

bar−1 toward aqueous MnB solutions (Table 1), which close to

their permeances toward aqueous MO solutions because the

two dyes are similar in size. The removal of MnB dyes in

aqueous solutions by the PES supports was found to be

predominantly due to adsorption. The PES support exhibited

Fig. 4 Rejection % and water permeance of the PES support, Zr–BTB/PES, Zr–BTB–NH2/PES and Zr–TATB/PES membranes in (a) BBG, (b) MO

and (c) MnB experiments. Adsorption % and water permeance of the PES support, Zr–BTB/PES, Zr–BTB–NH2/PES and Zr–TATB/PESmembranes

in (d) BBG, (e) MO and (f) MnB experiments. Schematic illustrations showing how different dyes passed through the selective layers composed of

MONs in (g) BBG, (h) MO and (i) MnB experiments.

Nanoscale Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry
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rejection percentages of 6.9 ± 5.3% towards MnB, while the

adsorption percentages of MnB for PES supports were 6.2 ±

4.8% (Table 1).

Spin-coating of the three MONs onto the PES supports

decreased their water permeance but increased the adsorption

of MnB onto the membranes and their rejection of MnB (Fig. 4c

and f). In three repeated experiments, the Zr–BTB/PES, Zr–BTB–

NH2/PES and Zr–TATB/PES membranes exhibited rejection

percentages of 25.8 ± 20.4%, 17.7 ± 15.6%, and 21.3 ± 7.1%

toward MnB dyes, respectively, and the adsorption percentages

of MnB on the membranes were 21.3 ± 16.6%, 14.8 ± 13.8%,

and 18 ± 6.2%, respectively (Table 1). This indicated that the

removal of MnB dyes in aqueous solutions by the composite

membranes predominantly came from adsorption (Fig. 4i) and

the MONs deposited on the PES supports did not signicantly

improve their size exclusion capability towards MnB.

2.4 Discussion

These results indicate that both size exclusion and adsorption

can affect the water purication performance of the membranes

(Fig. 4g–i). For BBG, the trigonal dye (1.72 × 2.22 × 0.56 nm) is

substantially larger than the crystallographic pore size of

0.54 nm.15 The dye must therefore traverse a highly tortuous

path around the anisotropic nanosheet layers (Fig. 4g), resulting

in high rejection and low permeance. For the smaller MO (1.47

× 0.43 × 0.25 nm), its linear geometry allows permeation

through both the crystallographic pores and interparticle voids

(Fig. 4h), explaining the near-zero rejection and higher per-

meance. MnB (1.46 × 0.50 × 0.18 nm) is similar in size and

shape to MO so can also pass through the pores and voids,

however it shows a higher adsorption to both the nanosheets

and PES substrate than MO.

Zeta potential measurements of the nanosheets were

undertaken to explore the effect of surface charge on perfor-

mance (Table S1). Interestingly, whilst Zr–TATB showed strong

negative values (−39.1 ± 9.7), Zr–BTB and Zr–BTB–NH2 showed

slightly positive values (5.4 ± 3.3 and −3.91 ± 9.7 respectively).

We note that all three nanosheets form stable dispersions in

water, however in the 1 mol dm−3 KCl electrolyte used to run

these tests, Zr–BTB and Zr–BTB–NH2 were observed to precipi-

tate out during testing which may have affected these results.

These differences in surface charge don't translate into signif-

icant differences in adsorption behavior between the nano-

sheets which show similar trends in behavior across all three

systems indicating electrostatic interactions are not a dominant

mechanism. The relatively high adsorption observed for both

negatively charged BBG and positively charged MnB are there-

fore attributed to the relatively large, planar aromatic surfaces

which cause them to undergo hydrophobic and p-stacking

interactions. In contrast the permanently ionized sulfonate

groups and lack of extended aromatic groups in negatively

charged MO mean they don't adsorb strongly to the nanosheets

or PES membrane.

Despite their different chemical functionalities of the

ligands, all three MONs show very similar rejection, adsorption

and permeance behavior across all three dyes. This is attributed

to the isoreticular structure of all three MONs resulting in

a consistent pore aperture and surface chemistry, which is only

subtly affected by the addition of an amine or triazine group to

the BTB-core. Differences caused by these functionalities may

also be masked by the relatively high standard deviations

associated all measurements shown in Table 1 and Fig. 4. A

wide range of factors may have contributed to this, including

minor differences in the underlying commercial support, the

thickness, packing and uniformity of the MON layers, presence

of non-selective membrane defects. Further optimisation of

MON-loading and spin-coating parameters could reduce vari-

ability within the system and allow differences to be distin-

guished and more contrasting ligands with bulkier, charged or

targeted chemical functionalities may allow greater

differentiation.

Overall, this study expands the range of Zr–BTB based

membranes investigated for use in water-purication applica-

tions. The use of a highly porous PES supports meant that all

three membranes showed higher permeances (48.2–119.6 L

m−2 h−1 bar−1 for BBG) than were achieved in comparable

literature reports using Zr–BTB nanosheets doctor bladed onto

PANmembranes (1–1–22.7 L m−2 h−1 bar−1).18,32 Although other

MON based membranes showed higher selectivity's for dye

separations, of the ve systems reported (discussed in the

introduction and summarised in SI Table S3) only Zn–TCP(Fe)–

PEI/Nylon19 MONs showed higher permeances. Combined with

the high stability of Zr–BTB MONs this makes these systems

potentially attractive to develop for use in real-world

applications.

3. Conclusions

In summary, this work conrms that the high stability, well

dened pore sizes and tunable chemistry of Zr–tricarboxylate

based MONs can be effectively harnessed for use in dye sepa-

ration. We successfully usedmodulated synthesis to produce an

isoreticular series of high-aspect ratio and ultrathin nanosheets

in high yield and processed them into composite membranes by

spin-coating onto porous PES supports. This enabled us to

achieve high permeabilities (up to 119.6 L m−2 h−1 bar−1)

compared to other Zr–MON based membranes in the literature.

Notably, despite the variation in ligand structure, ltration

performance remained consistent across the series, with 72.7–

83% rejection of large anionic dyes but almost no rejection of

smaller dyes. This establishes that the separation mechanism is

robust and primarily governed by the crystallographic pore size

of the framework rather than specic ligand interactions. These

ndings therefore validate Zr–tricarboxylate based MONs as

a reliable and structurally tunable platform for high-

performance water purication.

4. Experimental section
4.1. General considerations

All chemicals and solvents were obtained from commercial

suppliers and used without any purication, apart from the

H3BTB–NH2 and H3TATB ligands were synthesised using the

© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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procedure reported below. Details of all equipment used and

material characterisations can be found in the SI.

4.2. Preparation of Zr–BTB, Zr–BTB–NH2 and Zr–TATB

MONs

The three MONs were synthesised by adapting the method re-

ported by Zhao and co-workers.24 ZrCl4 (0.129 mmol) and tri-

topic carboxylic acid ligands (H3BTB, H3BTB–NH2 or H3TATB,

0.068 mmol) were dissolved in DMF (15 mL), H2O (2 mL), and

HCOOH (2 mL) in a glass reaction vial, which was placed in

a reaction oven and heated at 120 °C for 24 hours. The resulting

suspensions of the three MONs were centrifuged and washed

three times with fresh DMF then ethanol to give a yield between

22–39%. The washed MONs were stored in fresh ethanol as

homogeneous suspensions with a concentration of 2.5 mg

mL−1 until needed.

4.3 Preparation of water purication membranes

The membranes were prepared by depositing two 500 mL

portions of ethanol suspension of Zr–BTB, ZrBTB–NH2 or Zr–

TATB MONs (2.5 mg mL−1) onto PES supports using a spin-

coating method. The spin-coating of all membranes was con-

ducted at 2500 rpm for 640 s using an Ossila spin coater. The

PES supports used in this work were purchased from Sterlitech

Corporation (diameter: 47 mm, pore size: 200 nm). All

membranes were dried at room temperature before character-

isations and water purication experiments.

4.4 Water purication experiments

Themembranes were xed in a Sterlitech HP4750 stirred cell for

the water purication experiments (Fig. S16). The cell was

pressurised using N2 gas at 1 bar, and the feed solution was

stirred at 500 rpm during the experiments. For each experiment,

0.25 L of aqueous BBG, MO or MnB solution (10 mg L−1) was

used as the feed which was ltered by the membrane and the

experiment stopped when approximately 0.2 L of permeate was

collected. The concentrations of the feed, permeate and reten-

tate were measured by an UV-vis spectrophotometer, and the

water purication experiment was repeated three times for each

membrane. The water permeance, rejection and adsorption of

the membranes were calculated using equations reported in the

literature19 and the results are summarised in Table 1.

The water permeance, F, of each membrane is calculated by

eqn (1).

F ¼
VP

A� t� DP

(1)

where, VP is the volume of the permeate (unit: L), A is the

effective area of the membrane (unit: m2), t is the time of col-

lecting approximately 0.2 L of permeate solution (unit: h), and

DP is the operating pressure (unit: bar). Thus, the unit of F is L

m−2 h−1 bar−1. In this work, A and DP are 0.00146 m2 and 1 bar,

respectively.

The rejection %, R, of each membrane is calculated by eqn

(2).

R ¼
CF � CP

CF

� 100% (2)

where, CF and CP are the concentrations of the feed and the

permeate solutions, respectively.

The adsorption %, Ads of each membrane is calculated by

eqn (3).

Ads ¼
VFCF � ðVRCR þ VPCPÞ

VFCF

� 100% (3)

where, VF, VP and VR are the volumes of the feed, permeate, and

retentate solutions, respectively. CF, CP and CR are the concen-

trations of the feed, permeate and retentate solutions, respec-

tively. In this work, VF, VP and VR are approximately 0.25 L, 0.2 L

and 0.05 L, respectively.

Conflicts of interest

The authors declare that they have no known competing

nancial interests or personal relationships that could have

appeared to inuence the work reported in this paper.

Data availability

Supplementary information (SI): synthesis of the MONs and

membranes and providing additional characterisation and

performance data and literature comparisons. The equipment

and soware, ligand synthesis, additional characterisations of

MONs and membranes, models of organic dyes, etc. can be

found. See DOI: https://doi.org/10.1039/d6na00215c.

Acknowledgements

JT, RRRP and JAF would like to thank the EPSRC for funding

(EP/X525790/1, EP/S021124/1). This work is funded by the

EPSRC and for the purpose of open access, the author has

applied a Creative Commons Attribution (CC BY) licence to any

Author Accepted Manuscript version arising.

References

1 D. J. Ashworth and J. A. Foster, Metal–organic framework

nanosheets (MONs): a new dimension in materials

chemistry, J. Mater. Chem. A, 2018, 6, 16292–16307, DOI:

10.1039/c8ta03159b.

2 J. Nicks, K. Sasitharan, R. R. R. Prasad, D. J. Ashworth and

J. A. Foster, Metal–Organic Framework Nanosheets:

Programmable 2D Materials for Catalysis, Sensing,

Electronics, and Separation Applications, Adv. Funct.

Mater., 2021, 31, 2103723, DOI: 10.1002/adfm.202103723.

3 F. Moghzi, J. Soleimannejad, E. C. Sañudo and J. Janczak,

Dopamine Sensing Based on Ultrathin Fluorescent Metal–

Organic Nanosheets, ACS Appl. Mater. Interfaces, 2020, 12,

44499–44507, DOI: 10.1021/acsami.0c13166.

4 A. C. Wood, E. C. Johnson, R. R. R. Prasad, M. V. Sullivan,

N. W. Turner, S. P. Armes, S. S. Staniland and J. A. Foster,

Phage Display Against 2D Metal–Organic Nanosheets as

a New Route to Highly Selective Biomolecular Recognition

Nanoscale Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances Paper

https://doi.org/10.1039/d6na00215c
https://doi.org/10.1039/c8ta03159b
https://doi.org/10.1002/adfm.202103723
https://doi.org/10.1021/acsami.0c13166


Surfaces, Small, 2024, 2406339, DOI: 10.1002/

smll.202406339.

5 J. Nicks, J. Zhang and J. A. Foster, Tandem catalysis by

ultrathin metal–organic nanosheets formed through post-

synthetic functionalisation of a layered framework, Chem.

Commun., 2019, 55, 8788–8791, DOI: 10.1039/c9cc02061f.

6 R. R. R. Prasad, S. S. Boyadjieva, G. Zhou, J. Tan,

F. C. N. Firth, S. Ling, Z. Huang, M. J. Cliffe, J. A. Foster

and R. S. Forgan, Modulated Self-Assembly of Catalytically

Active Metal–Organic Nanosheets Containing Zr6 Clusters

and Dicarboxylate Ligands, ACS Appl. Mater. Interfaces,

2024, 16, 17812–17820, DOI: 10.1021/acsami.4c00604.

7 K. Sasitharan, D. G. Bossanyi, N. Vaenas, A. J. Parnell,

J. Clark, A. Iraqi, D. G. Lidzey and J. A. Foster, Metal–

organic framework nanosheets for enhanced performance

of organic photovoltaic cells, J. Mater. Chem. A, 2020, 8,

6067–6075, DOI: 10.1039/c9ta12313j.

8 D. J. Ashworth, J. Driver, K. Sasitharan, R. R. R. Prasad,

J. Nicks, B. J. Smith, S. V. Patwardhan and J. A. Foster,

Scalable and sustainable manufacturing of ultrathin

metal–organic framework nanosheets (MONs) for solar cell

applications, Chem. Eng. J., 2023, 477, 146871, DOI:

10.1016/j.cej.2023.146871.

9 Y. Song, J. Yang, L. Wang and Z. Xie, Metal–Organic Sheets

for Efficient Drug Delivery and Bioimaging, ChemMedChem,

2020, 15, 416–419, DOI: 10.1002/cmdc.201900664.

10 K. M. A. Qasem, S. Khan, M. Shahid, H. A. M. Saleh,

Y. S. A. Ghanem, M. T. A. Qashqoosh and M. Ahmad,

Synthesis of 2D Metal–Organic Nanosheets (MONs) by

Liquid Phase Exfoliation: Applications in Effective Delivery

of Antiulcer Drugs and Selective Adsorption and Removal

of Cationic Dyes, ACS Omega, 2023, 8, 12232–12245, DOI:

10.1021/acsomega.2c08231.

11 M. Xu, S. Yang and Z. Gu, Two-Dimensional Metal–Organic

Framework Nanosheets: A Rapidly Growing Class of

Versatile Nanomaterials for Gas Separation, MALDI-TOF

Matrix and Biomimetic Applications, Chem. – Eur. J., 2018,

24, 15131–15142, DOI: 10.1002/chem.201800556.

12 S. Kim, H. Wang and Y. M. Lee, 2D Nanosheets and Their

Composite Membranes for Water, Gas, and Ion Separation,

Angew. Chem., Int. Ed., 2019, 58, 17512–17527, DOI:

10.1002/anie.201814349.

13 Y. Peng and W. Yang, 2D Metal–Organic Framework

Materials for Membrane-Based Separation, Adv. Mater.

Interfaces, 2020, 7, 1901514, DOI: 10.1002/admi.201901514.

14 Y. Cheng, S. R. Tavares, C. M. Doherty, Y. Ying, E. Sarnello,

G. Maurin, M. R. Hill, T. Li and D. Zhao, Enhanced

Polymer Crystallinity in Mixed-Matrix Membranes Induced

by Metal–Organic Framework Nanosheets for Efficient CO2

Capture, ACS Appl. Mater. Interfaces, 2018, 10, 43095–

43103, DOI: 10.1021/acsami.8b16386.

15 Y. Pu, Z. Yang, V. Wee, Z. Wu, Z. Jiang and D. Zhao, Amino-

functionalized NUS-8 nanosheets as llers in PIM-1 mixed

matrix membranes for CO2 separations, J. Membr. Sci.,

2022, 641, 119912, DOI: 10.1016/j.memsci.2021.119912.

16 Y. Peng, Y. Li, Y. Ban, H. Jin, W. Jiao, X. Liu and W. Yang,

Metal–organic framework nanosheets as building blocks

for molecular sieving membranes, Science, 2014, 346,

1356–1359, DOI: 10.1126/science.1254227.

17 G. Liu, Y. Cai, H. Yuan, J. Zhang, Z. Zhang and D. Zhao, Mesh

membranes coated with zirconium metal–organic

framework nanosheets of optimized morphology for oil-

water separation, J. Membr. Sci., 2023, 668, 121077, DOI:

10.1016/j.memsci.2022.121077.

18 H. Yuan, K. Li, D. Shi, H. Yang, X. Yu, W. Fan,

P. J. S. Buenconsejo and D. Zhao, Large-area fabrication of

ultrathin metal–organic framework membranes, Adv.

Mater., 2023, 35, 2211859, DOI: 10.1002/adma.202211859.

19 H. Ang and L. Hong, Polycationic polymer-regulated

assembling of 2D MOF nanosheets for high-performance

nanoltration, ACS Appl. Mater. Interfaces, 2017, 9, 28079–

28088, DOI: 10.1021/acsami.7b08383.

20 L. Shu, L.-H. Xie, Y. Meng, T. Liu, C. Zhao and J.-R. Li, A thin

and high loading two-dimensional MOF nanosheet based

mixed-matrix membrane for high permeance

nanoltration, J. Membr. Sci., 2020, 603, 118049, DOI:

10.1016/j.memsci.2020.118049.

21 A. Li, X. Ma, J. Ma, Q. Yuan, J. Zhang and X. Xuan, A self-

made portable separation device based on 2-D MOF

nanosheets for the efficient separation of dyes in solutions,

CrystEngComm, 2021, 23, 3989–3994, DOI: 10.1039/

d1ce00251a.

22 Z. Hu, E. M. Mahdi, Y. Peng, Y. Qian, B. Zhang, N. Yan,

D. Yuan, J.-C. Tan and D. Zhao, Kinetically controlled

synthesis of two-dimensional Zr/Hf metal–organic

framework nanosheets via a modulated hydrothermal

approach, J. Mater. Chem. A, 2017, 5, 8954–8963, DOI:

10.1039/c7ta00413c.

23 G. Qiao, S. Yuan, J. Pang, H. Rao, C. T. Lollar, D. Dang,

J.-S. Qin, H.-C. Zhou and J. Yu, Functionalization of

Zirconium-Based Metal–Organic Layers with Tailored Pore

Environments for Heterogeneous Catalysis, Angew. Chem.,

Int. Ed., 2020, 59, 18224–18228, DOI: 10.1002/

ange.202007781.

24 H. Yuan, G. Liu, Z. Qiao, N. Li, P. J. S. Buenconsejo, S. Xi,

A. Karmakar, M. Li, H. Cai, S. J. Pennycook and D. Zhao,

Solution-Processable Metal–Organic Framework

Nanosheets with Variable Functionalities, Adv. Mater.,

2021, 33, 2101257, DOI: 10.1002/adma.202101257.

25 J. Tan and J. A. Foster, Metal–organic nanosheet gels:

hierarchically porous materials for selective loading and

differential release, Adv. Funct. Mater., 2025, e07474, DOI:

10.1002/adfm.202507474.

26 H. Zhang, B. Luo, P. An, X. Zhan, F. Lan and Y. Wu,

Interaction of Nucleic Acids with Metal–Organic

Framework Nanosheets by Fluorescence Spectroscopy and

Molecular Dynamics Simulations, ACS Appl. Bio Mater.,

2022, 5, 3500–3508, DOI: 10.1021/acsabm.2c00431.

27 D. Zhan, Z. Yu, A. Saeed, Q. Hu, N. Zhao, W. Xu, J. Wang,

L. Kong and J. Liu, Molecular insights into the sensitivity

detection mechanism of uorescent 2D Zr–BTB for 2,4-

dinitrophenol, J. Mater. Chem. C, 2023, 11, 10738–10747,

DOI: 10.1039/d3tc01325a.

© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.

Paper Nanoscale Advances

https://doi.org/10.1002/smll.202406339
https://doi.org/10.1002/smll.202406339
https://doi.org/10.1039/c9cc02061f
https://doi.org/10.1021/acsami.4c00604
https://doi.org/10.1039/c9ta12313j
https://doi.org/10.1016/j.cej.2023.146871
https://doi.org/10.1002/cmdc.201900664
https://doi.org/10.1021/acsomega.2c08231
https://doi.org/10.1002/chem.201800556
https://doi.org/10.1002/anie.201814349
https://doi.org/10.1002/admi.201901514
https://doi.org/10.1021/acsami.8b16386
https://doi.org/10.1016/j.memsci.2021.119912
https://doi.org/10.1126/science.1254227
https://doi.org/10.1016/j.memsci.2022.121077
https://doi.org/10.1002/adma.202211859
https://doi.org/10.1021/acsami.7b08383
https://doi.org/10.1016/j.memsci.2020.118049
https://doi.org/10.1039/d1ce00251a
https://doi.org/10.1039/d1ce00251a
https://doi.org/10.1039/c7ta00413c
https://doi.org/10.1002/ange.202007781
https://doi.org/10.1002/ange.202007781
https://doi.org/10.1002/adma.202101257
https://doi.org/10.1002/adfm.202507474
https://doi.org/10.1021/acsabm.2c00431
https://doi.org/10.1039/d3tc01325a


28 X. Feng, Y. Ren, H. Wang, W. Wu and H. Jiang,

Heterogenized molecular Pd(ii) catalyst on ultrathin 2D

metal–organic frameworks with nanoower-like

morphology for isonitrile-involved cyclization reaction,

Catal. Sci. Technol., 2023, 13, 7036–7045, DOI: 10.1039/

d3cy01105d.

29 Z. Cheng, J. Lian, Y. Chen, Y. Tang, Y. Huang, J. Zhang,

S. Xiang and Z. Zhang, Robust In–Zr Metal–Organic

Framework Nanosheets as Ultrathin Interlayer Toward

High-Rate and Long-Cycle Lithium–Sulfur Batteries, CCS

Chem., 2024, 6, 988–998, DOI: 10.31635/

ccschem.023.202303074.

30 D. Wang, Y. Ying, Y. Zheng, Y. Pu, Z. Yang and D. Zhao,

Induced polymer crystallinity in mixed matrix membranes

by metal–organic framework nanosheets for gas

separation, J. Membr. Sci. Lett., 2022, 2, 100017, DOI:

10.1016/j.memlet.2022.100017.

31 H. Liu, H. Wang, Q. Song, K. Küster, U. Starke, P. A van Aken

and E. Klemm, Assembling Metal Organic Layer Composites

for High-Performance Electrocatalytic CO2 Reduction to

Formate, Angew. Chem., Int. Ed., 2022, 61, e202117058,

DOI: 10.1002/anie.202117058.

32 X. Peng, L. Han, X. Wu, et al., Responsive interlayer spacing

in staggered metal–organic framework nanosheet

membranes, Nat. Commun., 2026, 17, 3179, DOI: 10.1038/

s41467-026-69929-5.

33 X. Feng, Y. Song andW. Lin, Dimensional reduction of Lewis

acidic metal–organic frameworks for multicomponent

reactions, J. Am. Chem. Soc., 2021, 143, 8184–8192, DOI:

10.1021/jacs.1c03561.

Nanoscale Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances Paper

https://doi.org/10.1039/d3cy01105d
https://doi.org/10.1039/d3cy01105d
https://doi.org/10.31635/ccschem.023.202303074
https://doi.org/10.31635/ccschem.023.202303074
https://doi.org/10.1016/j.memlet.2022.100017
https://doi.org/10.1002/anie.202117058
https://doi.org/10.1038/s41467-026-69929-5
https://doi.org/10.1038/s41467-026-69929-5
https://doi.org/10.1021/jacs.1c03561

	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications

	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications

	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications
	An isoreticular series of Zrtnqh_x2013tricarboxylate based metaltnqh_x2013organic nanosheets for water purification applications


