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Heavy metal ions are notoriously difficult to remove from water systems without the infrastructure present at a drinking water treatment plant. This work aimed to develop membrane adsorbers capable of capturing heavy metals at low pressure to avoid the need for extensive infrastructure. Removal of copper as a representative heavy metal was investigated. Membrane adsorbers were fabricated by using photo-initiated radical polymerization to graft glycidyl methacrylate (GMA) from the surface of polyethersulfone microfiltration membranes. The GMA modified membrane was sulfonated through an epoxide ring opening reaction to introduce sulfonic acid groups. The effect of grafting time and temperature on the degree of grafting and membrane performance (permeability and adsorption capacity) were determined. The reactions conditions that provided best performance were 4 min UV exposure at 35 °C. Under these conditions, the degree of grafting was 9% while maintaining a low operating pressure of 0.1 bar. Five and 6 min of UV exposure time increased the DOG to 19% and 41%, respectively, but compromised low pressure operation. Membrane surface properties were characterized by Fourier transform infrared spectroscopy and scanning electron microscopy. Membrane performance was investigated by determining membrane permeability and static and dynamic capacity. The dynamic binding capacity was 64.05 ± 0.6 mg Cu/g grafted weight. Using membranes in series demonstrated linear scaleup. Further at a flux of 135 Lm−2h−1 the feed pressure was under 0.15 bar ensuring low pressure operation. These results highlight the potential of membrane adsorbers for low pressure removal of heavy metals.
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1 INTRODUCTION
The toxicity of heavy metal ions to humans, animal and plant life has been thoroughly documented over recent years. Metals including arsenic, lead, chromium, cadmium, mercury, copper, zinc, and others can lead to numerous health problems, including damage to organs, nervous systems, reproductive systems, and carcinogenicity (Jaishankar et al., 2014). Contamination of water sources by these heavy metals through wastewater discharge, mining activities, runoff, and aging infrastructure has led to increased risk of exposure to these toxic compounds and a loss of otherwise potable water sources worldwide (Razzak et al., 2022). Furthermore, the infrastructure necessary to treat water contaminated with heavy metals through methods such as reverse osmosis, chemical precipitation, electrical-based, or catalytic methods cannot be implemented in remote or rural areas based on size and economic limitations (Agarwal et al., 2020). Adsorptive technologies are promising for removal of heavy metals without highly developed infrastructure. Activated carbon is a common adsorbent. However, it can suffer from issues related to sensitivity to operating conditions, variability based on production method, and difficulty to regenerate. Newer materials include biomaterials and nanomaterials which are currently expensive to produce and often cannot operate at high throughput (Neolaka et al., 2023; Albqmi et al., 2023).
Membrane technologies are attractive for capturing heavy metals from water based on their ability to remove heavy metals, reliability, lack of harmful byproducts, potential for low-energy separation, reusability, and easy process integration (Xiang et al., 2022). Reverse osmosis (RO) membranes are known for their excellent rejection of heavy metals (Ozaki et al., 2002; Petrinic et al., 2015). Nanofiltration (NF) membranes also have varying degrees of success rejecting divalent or trivalent heavy metals (Wanjiya et al., 2024; Nompumelelo et al., 2023). Ultrafiltration (UF) membranes commonly contain pores larger than the size of heavy metal ions even when hydrated and as such cannot reject heavy metals as effectively (Chitpong and Husson, 2017a). Enhancements to UF membranes such as the addition of micelles or polyelectrolytes have been studied to increase heavy metal removal (Huang et al., 2010; Ennigrou et al., 2009). However even for ultrafiltration, feed pressures up to 3 bar may be required. These operating pressures typically need to be supported by significant infrastructure, leading to significant capital cost, operating cost, and process footprint which could be problematic in rural areas. Membrane adsorbers on the other hand operate at pressure well below 1 bar.
Membrane adsorbers are a possible alternative to NF and RO typically used to remove heavy metal ions from wastewater and drinking water (Chitpong and Husson, 2017a; Sepesy et al., 2022; Chitpong and Husson, 2017b). Adsorptive membranes combine the effective removal of heavy metals provided by adsorption mechanisms with the potential for high-throughput operation and other advantages of membrane technologies. Membrane adsorbers capture heavy metal ions through chelation or ion exchange rather than the size exclusion mechanisms used by NF and RO membranes. Research has focused on modification of the base polymer used to form the membrane to include the adsorptive ligands. Metal recovery applications typically employ peptides or amino acids that are highly selective for specific metals of interest (Johnson and Duval, 2025). Toxic metals can be removed through chelation with amine groups or either ion exchange or chelation using highly negatively charged acids (Sepesy et al., 2022; Sokker et al., 2009). A variety of strategies to introduce these ligands to the membrane structure have been investigated including synthesizing negatively charged polymers (Fraser et al., 2022), blending (Khodabakhshi and Goodarzi, 2021), layer-by-layer synthesis (Pei et al., 2021), modification of the membrane polymer prior to casting (Vatanpour et al., 2022; Wang et al., 2016), and modification of the membrane polymer post casting (Chitpong and Husson, 2017b). The chemical functionalization process allows for strong control over the resulting membrane properties, adsorption capacity and flux.
A common approach is to graft glycidyl methacrylate (GMA) from the membrane surface given its ease of attachment and the ability to further modify the terminal epoxide group (Yune et al., 2012). GMA can be grafted to different polymers through a variety of different methods including photo-induced radical polymerization onto polyethersulfone (Yu et al., 2020), atom transfer radical polymerization onto polyvinylidene fluoride (Johnson and Duval, 2025), and radiation-induced grafting onto cellulose and polypropylene (Sokker et al., 2009; Bondar et al., 2004). Of these techniques, photo-induced radical polymerization stands out for its speed and simplicity. Another approach is to form a mixed matrix composite membrane combining adsorptive nanomaterials such as metal oxides (Garcia-Chirino et al., 2025), zeolites (Akale and Shaikh, 2024) graphene oxide (Mukherje et al., 2016), or metal organic frameworks (Escamilla et al., 2024), with the base polymer. However, current industrial research favors covalently functionalized ligands given issues related to aggregation, cost, and leaching suffered by nanomaterials in these applications.
The goal of this work was to develop membrane adsorbers functionalized with sulfonic acid groups capable of removing heavy metal ions from water at low pressure. Copper (II) was chosen as the heavy metal of interest due to its toxicity, prevalence in areas difficult to access with water treatment plants such as areas with high mining activity, and increased risk of contamination in the future given increasing levels of electronics manufacturing (Soon et al., 2024). Copper concentrations in excess of 100 ppm have been detected in wastewaters (Liu et al., 2023). On the other hand, the EPA limit is 1.3 ppm in drinking water (U.S. Environmental Protection Agency, 2025). Studies have also demonstrated adsorption behavior for Cu2+ is similar to other divalent heavy metal ions such as Pb2+ and Ni2+, suggesting that copper removal data can translate to the removal of other heavy metals from water (Jasim and Ajjam, 2024; Mohammed and Mahmood, 2023). Sulfonic acid was chosen as the adsorption ligand due to its highly negative charge (pKa = −6). It has successfully been used to functionalize the surface of adsorbents for heavy metal ion removal through a combination of electrostatic, ion exchange, and chelation mechanisms (Fraser et al., 2022; Bondar et al., 2004; Liang and Zou, 2020). This work sought to extend this principle to membranes given membrane adsorbers are capable of much higher throughput processing. This approach also addresses a gap in literature since most work focused on membrane adsorbers for metal adsorption has focused on chelation with amines, amino acids, or peptides.
Sulfonic acid was introduced to the membrane surface through a two-step process where GMA was first grafted from the membrane through photo-initiated radical polymerization. This was followed by addition of sulfonic acid through an epoxide ring opening reaction. Modified membranes were characterized by determining the degree of grafting (DOG) and scanning electron microscopy (SEM) imaging of the surface. Membrane permeability and static and dynamic capacities for copper were determined for a range of modification times. The ease of scale up was explored by testing three membranes in series.
2 MATERIALS AND METHODS
2.1 Materials
Hydrophilized polyethersulfone (PES) microfiltration membranes, pore size of 0.22 µm, were purchased from MilliporeSigma (Burlington, MA, United States) and washed with water and ethanol and dried under vacuum prior to use. Ethanol (Decon Labs, King of Prussia, PA, United States, 99%), butanol (Thermo Fischer Scientific, Waltham, MA, United States, 99%), and glycidyl methacrylate (MilliporeSigma, Burlington, MA, United States, 97%) were used as obtained during the grafting process. Isopropyl alcohol (MilliporeSigma, 70%) and sodium sulfite (Thermo Fischer Scientific) were used during the functionalization reaction. Copper (II) nitrate (Ward’s Science, Rochester, NY, United States) was used for adsorption studies.
2.2 Membrane modification
Figure 1 shows the reaction scheme used to functionalize the membranes with sulfonic acid. The base PES membranes were initially washed in DI water and dried in a vacuum oven. Next they were soaked in the reaction solution consisting of 20% ethanol, 20% butanol, and 5% GMA in water and placed inside a UV reactor (Honle UV Technologies, Gilching, Germany) and exposed to high intensity UV light (4.25 mW/cm2) for 1–6 min at different temperatures. After the reaction, the membranes were washed with ethanol to remove unreacted monomer followed by washing with water and drying under vacuum. The DOG was determined using Equation 1, where w1 is the weight of the membrane after grafting and w0 is the weight of the membrane after initial washing and drying.
DOG=w1−w0w0(1)
[image: Chemical reaction scheme showing glycidyl methacrylate (GMA) undergoing UV-light polymerization to form a polymer. Sodium sulfite then reacts at eighty degrees Celsius, resulting in a polymer with a sulfonate group.]FIGURE 1 | Reaction scheme for membrane functionalization. GMA was first grafted from the surface of the PES membrane followed by acid catalyzed epoxy ring opening to add sulfonic acid groups.The GMA modified membranes were placed in a solution of 15% isopropyl alcohol and 10% sodium sulfite in water at 80 °C for 2.5 h. The membranes were then placed in a solution of 0.5 M sulfuric acid for 2 h. Sulfonic acid was added via an acid-catalyzed ring-opening reaction (Sokker et al., 2009).
During surface modification grafting will occur not just on the outer membrane surface but also in the membrane pores (Car et al., 2018). Grafting in the membrane pores will lead to pore constriction and ultimately blocking which will reduce membrane permeability. DI water permeability was measured at a flow rate of 20 mL/min using a peristaltic pump. The resulting pressure and any drop in flow rate due to changes in the membrane permeability were recorded. Pressure was monitored using a pressure gauge and the flow rate was calculated by weighing the permeate collected over a certain amount of time. The membranes were mounted in holders from Advantec (Cole-Parmer, Court Vernon Hills, IL, United States) with an area of 17.35 cm2. Permeability was calculated using Equation 2. Where P is permeability, (L m-2 h−1 bar−1), V permeate volume (L), A membrane area (m2), t is time (h), and p is pressure (bar).
P=Lm×t×p(2)
Fourier transform infrared (FTIR) spectroscopy (SHIMADZU QATR, Shimadzu, Columbia, MD, United States) was used to determine changes in surface chemical groups as a result of surface modification. Scanning electron microscopy (SEM) (FEI XL-30, Phillips, Cambridge, MA, United States) was used to determine change in surface pore structure due to surface modification.
2.3 Static binding experiments
The effect of GMA grafting time on the static binding capacity of copper was determined. The membranes were submerged in solutions of different concentrations of copper (II) nitrate and left under shaking for 24 h. The copper concentration in solution was determined using inductively coupled plasma mass spectroscopy (Thermo iCAP Q, Thermo Fischer, Waltham, MA, United States). At least three membranes were tested for each data point. The amount of copper adsorbed onto the membrane at equilibrium per increase in weight of the membrane due to grafting (grafted weight) was calculated using Equation 3.
qe=C0−CeVm(3)
qe (mg/g) is the weight of adsorbed copper at equilibrium per membrane weight, C0 is the initial concentration, and Ce is the equilibrium concentration of copper ions in solution, V is the solution volume, and m is the grafted weight (g). The maximum adsorption capacity was determined at equilibrium through Equation 4 (Vatanpour et al., 2022).
K=qeCeQ−qe(4)
where Q (mg/g) is the maximum adsorption capacity and K (L/mg) is the adsorption affinity. Equation 4 was linearized to give Equation 5.
Ceqe=1QCe+1QKL(5)
By rearranging Equation 4 as follows
qe=QCe1K+Ce(6)
K, the adsorption capacity is the reciprocal of the concentration at which 50% of the binding sites are utilized.
2.4 Filtration experiments
Solutions of different copper concentration were filtered using membranes grafted for 4 min at a flux of 135 Lm−2h−1. The membrane with 4 min grafting time was chosen based on the permeability results. Further the flux of 135 Lm−2 h−1 was chosen to be higher than or comparable to the operating flux of UF membranes while operating at a much lower pressure. UF membranes are often operated between 50 and 100 Lm−2 h−1 at pressures between 1 and 3 bar, compared to 135 Lm−2 h−1 at 0.07 bar in this work (Barakat and Schmidt, 2010). Samples were collected over time to create breakthrough curves used to determine the maximum dynamic binding capacity. Dynamic capacity was determined through integration of the obtained breakthrough curve. At least three membranes were tested for each concentration. After single membrane filtration, membranes in series experiments were conducted by stacking 3 membranes in series and repeating the analysis (see Figure 2).
[image: Diagram and photo of a copper feed setup for permeation. The diagram shows a copper feed leading through a peristaltic pump to a membrane holder and then to permeate collection. A pressure gauge is included. The photo displays the actual setup with blue membrane holders above a collection beaker.]FIGURE 2 | Schematic of membrane testing setup for determining membrane permeability. Membrane holders stacked in series are also shown.3 RESULTS AND DISCUSSION
3.1 Membrane characterizations
The effect of grafting temperature and time on DOG were determined. Figure 3A shows the change in DOG as a function of temperature at a constant grafting time of 5 min. The maximum temperature tested was 35 °C in order to ensure stability of the membrane. It was observed that increasing the temperature had a strong impact on the DOG. From these results, 35 °C was chosen as the constant grafting temperature for subsequent experiments. Next, UV grafting time was varied from 1 to 6 min, and the resulting DOG is presented in Figure 3B. As can be seen grafting times less than 3 min led to little grafting.
[image: Bar charts showing the degree of reduction of graphene oxide (DOG) percentage. Chart (A) displays DOG percentage against temperature, with values increasing from about 5% at 24°C to over 15% at 35°C. Chart (B) shows DOG percentage against time in minutes, rising from nearly 0% at 1 minute to approximately 45% at 6 minutes. Error bars are included.]FIGURE 3 | DOG as a function of (A) temperature and (B) grafting time.Based on these results, 1 min grafting time was not considered further as there was little change in DOG. IR spectra for the base membrane, after GMA grafting and sulfonic acid functionalization are shown in Figure 4 for a 4 min grafting time. A new peak at 1725 cm−1 characteristic of the C=O carbonyl group stretching appears after GMA grafting (Yu et al., 2020). After sulfonic acid functionalization a new peak appears at 1030 cm−1 characteristic of the sulfonic group (Fraser et al., 2022). Appearance of these new peaks confirmed successful membrane modification. Studies were also performed to examine the growth of these characteristic peaks with grafting time. Figure 5A shows the growth of the carbonyl peak characteristic of GMA with increasing grafting time. As can be seen a 2 min grafting time shows no carbonyl peak. Consequently sulfonation was not conducted for this membrane. Figure 5B shows the growth of the sulfonate peak with increasing GMA grafting time and hence increasing density of epoxide groups. Further, stability of the membranes in an acidic environment was confirmed after the reaction in sulfuric acid at 80 °C as no change in the spectrum was observed (Figure 4).
[image: Spectra graph showing absorbance against wavenumber from four hundred to two thousand inverse centimeters. Three lines represent Base in blue, GMA-Modified in orange, and Sulfonated in green. Peaks are noted at ten thirty inverse centimeters for sulfonate groups and seventeen twenty-five inverse centimeters for carbonyl groups.]FIGURE 4 | FTIR spectra for base, GMA-grafted, and sulfonated PES membranes for 4 min grafting time.[image: Two infrared absorption spectra showing changes over time. Graph A, labeled "Carbonyl group," has a peak at 1725 inverse centimeters. Graph B, labeled "Sulfonate group," peaks at 1030 inverse centimeters. Lines represent different times: base, two, three, four, five, and six minutes. The absorbance increases with time in both graphs, indicated by colored lines denoting different time intervals.]FIGURE 5 | FTIR spectra for membranes with different grafting times. (A) shows the carbonyl group at 1725 cm−1 and (B) shows the sulfonate group at 1030 cm−1.DI water permeability measurements were conducted for membranes with different UV grafting times. The results are presented in Figure 6. The unmodified membrane reached a pressure of 0.069 bar. Based on the DOG and spectroscopy data (Figures 3B, 5) grafting times of 1 and 2 min were not investigated. For 4 min grafting time the average pressure was 0.090 ± 0.014 bar, for a 5 min grafting time the average pressure was 1.656 ± 0.069 bar and for a 6 min the pressure was 1.931 ± 0.241 bar. The results in Figure 6 indicate that grafting times greater than 4 min led to very low permeabilities similar to UF membranes. Further the required feed pressure is much higher. Results for 3 min grafting time are not included as the DOG is much less than 4 min (see Figure 3B), yet the feed pressure for 4 min is low, being less than 0.1 bar.
[image: Bar chart showing permeability in liters per square meter per hour per bar against UV grafting time in minutes. Permeability is highest at zero minutes with 9929, decreases to 7526 at four minutes, and drops significantly to 91 and 95 at five and six minutes respectively.]FIGURE 6 | DI water permeability measurements for membranes with increasing GMA grafting time.SEM images of the membrane surface (Figure 7) for the base, 4, 5, and 6-min grafting time membranes indicate that as the grafting time increases, the membrane structure clearly changes due to an increasing amount of grafted material on the membrane surface.
[image: Scanning electron microscope images showing four different textures of a fibrous material at 1000x magnification. (A) Displays a dense mesh of fibers. (B) Presents a more compact, less fibrous structure. (C) Shows a smooth surface with few visible fibers. (D) Features a textured surface with pronounced ridges and valleys. All images include scale bars indicating 20 micrometers.]FIGURE 7 | SEM images of (A) unmodified, (B) 4 min grafting (C) the 5 min grafting (D) 6 min grafting.3.2 Static capacity experiments
Static capacity experiments were conducted for membranes grafted for 4 and 6 min (Figure 8). The permeability data (Figure 6) combined with SEM images (Figure 7) indicate that 4 min is likely the optimal grafting time. Lower grafting times led to very low DOG and longer times led to very low permeabilities. Figure 6 indicates very similar permeabilities for 5 and 6 min grafting times. These permeabilities were similar to those obtained for UF membranes. However, Figure 3B indicated that the DOG is higher for 6-min grafting. Thus the static capacity for 6 min grafting was also determined as the required pressure would be similar to current UF membranes. A control experiment using the base membrane was performed with 5–100 ppm Cu2+ in solution, but no adsorption was recorded, confirming that functionalization was responsible for binding.
[image: Graph showing adsorption isotherms with x-axis labeled \( C_e \) (ppm) and y-axis labeled \( q \) (mg/g). Red dashed line and triangles represent 4 minutes; green dotted line and circles represent 6 minutes. Data points include error bars.]FIGURE 8 | Equilibrium adsorption of copper for 4 and 6-min grafted membranes.Maximum adsorption capacities and K (adsorption affinity) values for both membranes were calculated using Equations 5, 6. The values were 111 mg/g and 0.073 L/g, for 4-min grafting 149 mg/g and 0.012 L/g, for 6 min grafting for adsorption capacity and adsorption affinity, respectively. However even after 24 h incubation at a solution concentration of 100 ppm, the 4-min grafted membrane displays a higher amount of copper adsorbed per gram of grafted weight than the 6 min grafted membrane.
All membranes were regenerated and reused for static binding experiments. After static adsorption was completed, the membranes were placed in a 1 M sodium chloride and then equilibrated in DI water. The next higher concentration was then tested. Repeated testing at the same concentration indicated complete regeneration.
3.3 Filtration experiments and dynamic binding
Filtration experiments were performed using membranes with 4 min grating only as 6 min grafting led to much higher feed pressures for a flux of 135 Lm−2 h−1. Filtration was performed at both 1 ppm and 10 ppm concentrations of copper in the feed. The flow rate in these experiments was fixed at 4 mL/min leading to a flux of 135 Lm−2 h−1. The resulting breakthrough curves are presented in Figure 9A. Breakthrough was defined as the throughput at which C/C0 (concentration in permeate divided by concentration in feed) was greater 0.05. In order to ensure that Cu2+ ions are being adsorbed by a chemical ion exchange process and not by non-specific physical adsorption, control experiments were conducted where the base PES membranes were incubated with 5–100 ppm of Cu2+ ions in DI water. Less than 1% of the Cu2+ ions were captured, confirming minimal physical adsorption. As can be seen from Figure 9A, breakthrough occurred for a throughput of 90 mL and <10 mL for copper concentrations of 1 and 10 ppm respectively in the feed.
[image: Graphs A and B show the ratio \( C/C_0 \) against throughput in milliliters. Graph A compares 10 ppm and 1 ppm, with 10 ppm showing a rising curve and 1 ppm maintaining a flat line. Graph B displays a consistent upward trend for 10 ppm over increased throughput. Error bars indicate variability.]FIGURE 9 | Breakthrough curves for (A) single membrane with 1 and 10 ppm Cu2+ in the feed and (B) three membranes in series with 10 ppm Cu2+ in the feed.The dynamic capacity was defined as C/C0 = 0.7. Figure 9A gives the variation of C/C0 with throughput for a feed concentration of 1 and 10 ppm copper. For 10 ppm copper in the feed, C/C0 reached 0.7 for a throughput of 70 mL. However for 1 ppm copper in the feed, the dynamic binding capacity was not reached. The dynamic binding capacity was calculated to be 64.5 ± 0.6 mg/g. The feed pressure was <0.07 bar confirming low pressure operation. The error bars represent the range of values for duplicate experiments.
Figure 9B gives the variation of C/C0 with throughput for three membranes in series. The copper concentration in the feed was 10 ppm. The dynamic binding capacity 70.9 mg/g. Since the capacity is given in terms of mg copper adsorbed per grafted weight the values are similar indicating the process, like all membrane processes is linearly scalable. The pressure for this configuration was <0.15 bar.
As can be seen the static capacity is higher than the dynamic capacity and the time for static binding is greater for membranes with grafting times of 6 min compared to 4 min (see Figure 8). This is due to diffusional resistance in the nanolayer.
4 DISCUSSION
A trade-off exists between capacity and permeability when functionalizing membranes through post-casting modification since the grafting process leads to an additional resistance to permeate flow. This is due not only to grafting an additional polymer layer on the membrane surface but also in the membrane pores (Car et al., 2018). Thus, higher DOG will lead to lower permeate fluxes or higher-pressure operation. The FTIR spectra (Figure 5) indicate that a greater DOG leads to more pronounced carbonyl and sulfonate peaks indicating a greater abundance of these groups on the membrane surface. The SEM images also indicate that increasing the grafting time leads to more grafted material on the membrane surface and in the pores. This buildup corresponds with the observed decline in permeability.
Figure 8 gives static adsorption data for copper concentrations up to 100 ppm. In practical application the copper concentration in the wastewater can be over 100 ppm. Here adsorption from solutions containing up to 100 ppm were tested since it is rare to have higher concentrations (Liu et al., 2023). The results in Figure 8 indicate that even though the calculated capacity for the 6-min grafted membrane is higher than for 4-min grafting, even after 24 h incubation for concentrations of up to 100 ppm, the amount adsorbed per grafted weight for the 4 min membrane is still higher. This suggests that at high DOG, many adsorption sites could be sterically hindered or inside the pores that are no longer accessible (Car et al., 2018).
The adsorptive membranes developed here are compared to other adsorptive membranes in Table 1 which gives Q, the maximum static capacity and K the adsorption affinity for copper concentrations that leads to 50% loading. The data in Table 1 indicates that the membranes developed here provide similar capacities. In addition operating pressures are also low. UV initiated polymerization is routinely used industrially as it fast and efficient. The ligands grafted here are not specific. Thus they are better suited for removal of a variety of heavy metals rather than a specific metal ion (Singh et al., 2024). Further, establishment of a full-scale water treatment plant in many rural areas is not feasible and the fact that these membranes are capable of low-pressure operation offers the potential to create a new treatment system capable of addressing a growing issue as manufacturing activity continues to increase.
TABLE 1 | Q and K terms calculated for membranes in this work and comparison to literature.	Adsorbent	Membrane material	Q (mg g−1)	K (L mg−1)	Ref
	Sulfonic acid	4-min grafted PES	111	0.07	This work
	Sulfonic acid	6-min grafted PES	149	0.01	This work
	Amine	PVDF-poly (GMA)	1.65	0.009	Sepesy et al. (2022)
	Amine	Polysulfone-block-poly (acrylic acid)	50.8	0.001	Zhang et al. (2018)
	Amine	Electrospun polyacrylonitrile	250	0.0059	Shao et al. (2021)
	Chitosan	Chitosan + glutaraldehyde	87.469	0.785	Wang et al. (2016)
	Chitosan	Nylon	10.794		He et al. (2008)
	Chitosan + Amine	Chitosan/polyvinyl alcohol/carbon nanotube mixed matrix membrane	35		Salehi et al. (2013)
	Resin	PES mixed matrix membrane	161.29		Zheng et al. (2014)
	Poly (2-aminoethyl methacrylate)	Polypropylene	90.3	0.03	Farjadian et al. (2015)


Earlier studies indicate the importance of comparing breakthrough curves using generalized coordinates in order to determine the effect of the various operating variables (Han et al., 2006; Charcosset et al., 1995). One such basis uses a dimensionless throughput parameter T where
T=C0+1/KQftQmVm(7)
In Equation 7, where Qf is the permeate flow rate through the membrane, Vm is the total membrane volume including solid matrix and void space, and t is the run time. In fact T is the ratio of the mass of copper in the feed (QfC0t) to the mass of copper the membrane can adsorb at equilibrium. Figure 10 shows the variation of C/C0 versus T for the data shown in Figure 9A.
[image: Scatter plot showing C/C₀ versus T for two concentrations: 10 ppm (blue dots) and 1 ppm (orange dots). The blue series shows a rise with T, whereas the orange series remains near zero.]FIGURE 10 | Variation of C/Co with T for feed concentrations for 1 and 10 ppm Cu2+.Figure 9A indicates that self-similar behavior is not observed. Rather for a 10-fold difference in feed concentration the residual Cu2+ concentration in the permeate is much higher at the same T value for the 10 ppm feed stream. Consequently, diffusion-reaction resistance within the grafted nanostructure is significant, which is supported by the fact that the static capacity is greater than the dynamic capacity. Optimizing the three dimensional structure of the grafted nanolayer will be important to minimize diffusional resistances through the nanolayer.
The results obtained here for one and three membranes in series suggest that the membranes are linearly scalable. There is limited information available regarding the dynamic binding capacity for metal adsorption with membrane adsorbers. Literature relevant to this work reports dynamic binding capacities of 1.77 ± 0.04 g La3+/g membrane using a lysine-grafted PES membrane (Yu et al., 2020), approximately 10 mg Cu2+/g membrane using a chitosan-based membrane adsorber (Wang et al., 2016), and 6.25 mg/g using a PES mixed matrix membrane (Zheng et al., 2014). Membranes in this work exceed these binding capacities. The advantages of the membranes developed here is that they could lead to effective treatment options for water contaminated with mixtures of heavy metals.
Membrane-in-series experiments highlight the ability to easily increase the surface area. These experiments also confirmed the ability of the membrane module to extend the treatment volume where the membranes could provide removal of copper from the feed below the EPA limit of 1.3 ppm. It is also crucial that stacking the membranes in series did not further increase the operating pressure significantly. This suggests that further increasing the active area and stacking more membranes in series is possible without compromising the ability to operate without significant infrastructure. This allows for the ability to increase the active membrane area to further increase the throughput while maintaining the desired footprint. Scaling the membrane area based on the results in this work, to the size of current commercial systems (37 m2 (AXEON Water, 2024)), would result in a throughput of approximately 64 L at 100 ppm and as high as approximately 3000 L for treating drinking water with lower concentrations around 2 ppm (Zhang et al., 2020). In such a system, competing ions need to be considered given the nonspecific nature of the adsorption mechanism. Zhang et al. (2020) indicate that copper represents approximately 60% of the heavy metal ions present, which would decrease the treatment volume to 1800 L. The actual value would likely be lower given the presence of other cations not reported, however a potential solution could be to combine this with a nanofiltration or similar process capable of isolating these divalent ions from their monovalent competitors. The results highlight the potential of the membranes reported in this work to be scaled into a system capable of capturing heavy metals from water in a portable configuration that does not currently exist.
Literature reports on metal adsorption mechanisms suggest it is reasonable to assume that these metals of similar valency would have similar adsorption capacities to the capacity of copper reported in this work (Jasim and Ajjam, 2024; Mohammed and Mahmood, 2023). Previous studies also demonstrate the ability of sulfonic acid groups to capture a variety of different heavy metal ions through ion exchange interactions. Heavy metals such as Ag (I), Hg (II), Cd (II), Zn (II), Pb (II), and Cr (III) are successfully captured using sulfonic acid ligands (Rivas and Ruf, 2003). Similar performance was observed for each metal which can be attributed to nonspecific ion exchange removal mechanism. Qu et al. investigated the removal of Pb (II), Cd (II), and Cu (II) using sulfonic acid ligands at higher initial metal concentrations of 1000 ppm. They found that at these high concentrations Pb and Cd were more efficiently captured than Cu (Qu et al., 2012). This is likely related to ionic radii of these ions given the ions must first hydrolyze before they are able to undergo the ion exchange adsorption process (Eldridge et al., 2015). While the focus of this work was on controlling the grafting reaction future work will explore removal of these ions as well as scaling the system to a practical size.
For the PES membrane tested here, higher DOG was not investigated for three main reasons. Very long grafting times would result in greater UV exposure which was found to lead to increased permeate fluxes and reduced mechanical stability due to membrane damage. Further as indicated in Figure 6, higher DOG led to reduced permeability which would adversely affect low pressure operation. In addition a high density grafted nanostructure leads to increased diffusional resistances to metal ion adsorption as indicated by Figure 8. Here 0.22 μm pore size PES membranes were investigated. However use of larger pore size membranes, e.g., 0.4 μm, may enable grafting of a thicker three dimensionally tailored nanolayer. In this way the ionic capacity can be maximized while still maintaining low pressure operation and minimal diffusional resistance for solute adsorption within the nanostructure.
Grafting conditions will affect the properties of the grafted nanolayer. Wang et al. (2009) provide a detailed analysis of how reaction conditions may be tailored to optimize static and dynamic capacity. While higher reaction temperatures may lead to higher rates of grafting, it is essential that the elevated reaction temperature does not degrade the PES membrane. It is difficult to independently control GMA density and length using the photo-initiated radical polymerization method used here. Higher initiator densities will lead to higher grafted chain densities. In this work grafting is based on the photosensitivity of the poly (aryl sulfone) backbone, which undergoes photolysis when exposed to UV radiation. The major advantage of this method is that no initiator is required. However the number of initiation sites is fixed by the polymer backbone. Further, over irradiation will lead to weakened membranes. Higher GMA concentrations will tend to lead to longer chains for a given grafting time and temperature though chain density will also be affected.
Earlier studies indicate that maximizing the number of ion exchange sites will not maximize the dynamic capacity (Wickramasinghe et al., 2006). Long GMA chains will lead to steric hindrance effects where access to adsorption sites deep within the nanolayer will require significant diffusion times for metal ions. In addition a thicker nanolayer can also result in reduced permeability. The results obtained here are in keeping with these observations. Figure 6 indicates that longer polymerization times lead to lower permeability while Figure 8 indicates that longer grafting times lead to slower static adsorption rates due to increased diffusional resistance. As indicated by previous investigators by optimizing the three dimensional nanolayer by including a spacer species between GMA monomers or by grafting branched polymer chains from the membrane surface higher dynamic capacities (Wang et al., 2009; Wickramasinghe et al., 2006) can result.
The effect of fouling using real wastewater was not investigated here. Our initial application would be to use the membrane adsorber as a final polishing step, e.g., to remove hardness from water. For this application no significant fouling is expected. On the other hand, for other applications fouling is likely. Our future work will investigate the effect of fouling, e.g., by using feed streams that contain natural organic matter (NOM).
5 CONCLUSION
This work reports the successful development of membrane adsorbers capable of copper capture at low pressure through photo-initiated radical polymerization and subsequent sulfonic acid functionalization. By investigating a range of modification conditions, optimal conditions to increase functionality without compromising low-pressure operation were determined. Membranes functionalized with 4 min grafting time displayed static and dynamic capacities of 111 mg/g and 64.05 ± 0.6 mg/g, respectively. Membrane in series experiments highlighted liner scalability enabling increased throughput while maintaining low-pressure operation. The linear scalability and low-pressure operation demonstrated in this work could enable the possibility of designing technologies capable of capturing heavy metals in places where creation of full-scale water treatment plants is not feasible.
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