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Abstract 28 

The challenge of effectively managing the discharge of metal ions into aquatic environments, 29 

which poses a significant risk to both human health and ecosystems, persists despite the 30 

availability of various analytical tools and techniques. There are limitations of existing 31 

separation technologies and the inefficacy of hydrogel materials in removing low molecular 32 

weight contaminants, such as metal ions, in aqueous solutions. This study added carbon 33 

powder to the hydrogel membrane to reduce the low-mechanical strength and drying 34 

problems and increase its capacity for adsorbing ionic and non-ionic substances. The study 35 

introduced a novel carbon-based aluminium hydroxide hydrogel for wastewater filtration. CG 36 

was characterized using various analytical techniques, including examining surface 37 

morphology, elemental analysis, surface functional groups, and surface charge. These 38 

analytical tools provided a comprehensive understanding of the properties and performance 39 

of the CG. The effects of different carbon-based hydrogel (CG) concentrations on water flux 40 

and ion rejection were evaluated in a gravity filtration setup. Experiments investigated the 41 

influence of different ion concentrations, activated carbon (AC) concentration, centrifugation, 42 

water flux, and rejection on removing heavy metals from synthetic and natural wastewater. 43 

The pure water flux of the hydrogel membrane was 120 LMH. The results indicated that an 44 

AC concentration of 4 g/L in the aqueous solution is optimal for heavy metals removal, with 45 

99.9% removal for Pb2+ and Cu2+, 84% rejection for Ca2+, and 85% rejection for Mg2+ in 10 mg/L 46 

of synthetic water. Besides, the 4 g/L AC hydrogel membrane removed 90% of Ni, Zn, Pb, As, 47 

and Cu ions and 53% of the total organic carbon from leachate wastewater.  48 

Keywords: Carbon-based hydrogel, Landfill leachate, Separation removal, Wastewater, 49 

Filtration  50 
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1. Introduction 52 

Heavy metals, insecticides, pharmaceutical residues, herbicides, and other chemical 53 

compounds are common environmental pollutants. Heavy metals are released into the 54 

environment from numerous sources, including cosmetics, roofing materials, automobile 55 

brake pads, water pipelines, and industrial effluent discharge [1]. These contaminants pose a 56 

serious threat to aquatic ecosystems and human health, and it is crucial to develop effective 57 

measures to reduce their presence in the environment [2]. 58 

Different technologies have been proposed for treating heavy metal ions in water, with 59 

varying levels of efficiency and cost. Some techniques utilized to purify contaminated water 60 

include electrochemical treatment, filtration using membranes, the combination of 61 

coagulation and flocculation, chemical precipitation, ion exchange, flotation, and adsorption 62 

[3, 4]. Membrane technologies are renowned for the high rejection efficiency of metal ions 63 

from solution. Still, their significant drawbacks are high capital and operation costs, 64 

generating secondary brine wastewater, and requiring hands-on experience [5]. Despite the 65 

simplicity of implementation and low cost, using adsorbents for heavy metal rejection is 66 

considered one of the most effective physicochemical methods due to its regenerative nature 67 

[6]. The adsorbents zeolites, biochar, carbon nanotubes, cellulose nanofibers, 68 

granular/powdered AC, and modified AC have been studied to treat heavy metals. Using AC 69 

as an adsorbent in wastewater treatment is appealing due to its high pore volume and large 70 

surface area. Despite its potential, adsorption technologies have limitations in their ability to 71 

remove heavy metals from wastewater effectively, and the regeneration process for reuse 72 

can result in secondary contamination [7]. 73 

The hydrogel technology was recently suggested for metal ions rejection from aqueous 74 

solutions, particularly biobased hydrogels have recently attracted attention [8-10]. A wealth 75 
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of literature on the hydrogel treatment technique for ion rejection exists. For instance, 76 

Sharokhi-Shahkari et al. conducted a study to assess the efficacy of commercial activated 77 

carbon (CAC) and tire-derived activated carbon (TAC) to remove Pb2+, Cu2+, and Zn2+ from 78 

synthetic water. The findings revealed that tire-derived activated carbon (TAC) exhibited a 79 

superior ability to remove heavy metals Cu2+, Zn2+, and Pb2+ from synthetic water compared 80 

to commercial activated carbon (CAC). The monolayer adsorption capacities of TAC were 81 

shown to be 185.2 mg/g, 322.5 mg/g, and 71.9 mg/g for Cu2+, Pb2+, and Zn2+, respectively, 82 

which were notably higher than those of CAC, which were recorded as 42.5 mg/g, 15.0 mg/g, 83 

and 14.0 mg/g for Pb2+, Cu2+, and Zn2+, respectively [7]. Mu and co-workers focused on 84 

removing heavy metals by courier in AC hydrogel. The results show that the maximum 85 

adsorption capacity for Cu2+, Mn2+, Pb2+, and Cd2+ was 161 mg/g, 75, 72, and 41 mg/g at 1000 86 

mg/L metals concentration [11]. Perumal and co-workers comprehensively overview the 87 

possible release of multi-heavy metal ions (Hg2+, Pb2+, Cd2+, and Cr3+) from the spherical 88 

chitosan-gelatin hydrogel. The rejection was 84.7% for Hg 2+, 8.7% for Pb 2+, 0 % for Cd2+, and 89 

6.7%  for Cr3+ at the initial concentrations 3.60, 3.68, 4.38, and 3.7 mmol [12]. S. Queiroz et 90 

al. investigated the synthetic AC from acai seed as a raw material. The results show that the 91 

modified AC outperformed conventional AC with a higher rejection of 86% for Pb2+,69% for 92 

Fe2+, and 8% for Mg2+ due to their rich surface chemistry [13]. Despite the wide range of 93 

developed technologies for metal ions rejection from solution, most of these technologies 94 

suffer from high operating costs, generating a secondary waste stream or poor rejection rate 95 

[14-16]. In contrast, conventional hydrogels showed a limited rejection rate of metal ions 96 

from aqueous solutions. While numerous publications exist on hydrogels, hydrogel 97 

membranes in biomedicals, and hydrogels for water and wastewater treatment, 98 

comparatively fewer publications exist on using hydrogel membranes for water and 99 
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wastewater treatment [17]. Hydrogel membranes have shown great potential for various 100 

water and wastewater treatment applications, including oil/water separation [18], 101 

membrane filtration/desalination [19-21], adsorption [20], and catalysis [22]. Previous studies 102 

have investigated the adsorption capabilities of hydrogel membranes in aqueous solutions 103 

[23]. In contrast, others have critically reviewed using (innovative) polymeric materials for 104 

controllable oil/water separations, highlighting the benefits of hydrogel membranes [24]. 105 

Hydrogel membranes can be prepared using different methods, resulting in varying levels of 106 

super hydrophilicity/lipophilicity [25]. In oil/water separation, these membranes have 107 

demonstrated high flux and rejection performance. Their excellent antifouling properties 108 

make them suitable for filtration and desalination [26]. The porous structure of hydrogels 109 

provides a large comparative area, allowing for interfacial evaporation. Furthermore, 110 

hydrogel membranes have been explored for their catalytic performance [27]. These findings 111 

highlight the versatility and potential of hydrogel membranes in various water and 112 

wastewater treatment applications [17]. In a study by Lu et al. [28], a hydrogel membrane 113 

exhibited catalytic and filtration properties. The catalytic hydrogel membrane demonstrated 114 

a separation efficiency of 90% and a catalytic efficiency of 99%. Furthermore, incorporating a 115 

hydrogel layer into membranes resulted in the exceptional rejection of aqueous pollutants 116 

and high permeability [28]. Hu et al. [29] produced a polyelectrolyte complex hydrogel 117 

membrane by self-assembling two polysaccharides, salecan and carboxymethyl chitosan, with 118 

opposite charges. The resulting membrane exhibited an adsorption capacity of 418.4 mg/g 119 

for Pb2+ and retained 95% of its capacity after 5 cycles. Graphene oxide/alginate hydrogel 120 

membranes were also used as adsorbents and showed a maximum adsorption capacity of 121 

327.9 mg/g for Pb2+ and 118.6 mg/g for Cr3+ [29]. A hybrid hydrogel nanocomposite 122 

membrane was created by Baruah et al. [30] by conjugating chitosan with oxidized carbon 123 
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dots synthesized from 11-mercaptoundecanoic acid. Through adsorption, the membrane 124 

could remove 68.01% of Ca2+ and 56.35% of Mg2+ from pond water. In a separate study, a PVA 125 

hydrogel membrane demonstrated an adsorption capacity of 45.8 mg/g for Sr2+ and 126 

successfully removed 87% of it during the filtration of synthesized radioactive wastewater 127 

containing 5 mg/L Sr2+ and 250 mg/L Ca2+ [30]. 128 

Unique characteristics of AC, such as large surface area, appropriate pore size distribution, a 129 

wide variety of surface functional groups, and relatively high mechanical strength, contribute 130 

to its excellent adsorption [31]. Therefore, as a cross-linker, AC powder could improve the 131 

hydrogel filter's physicochemical properties and permselectivity. 132 

For the first time, the current study investigated the feasibility of carbon-based aluminium 133 

hydroxide hydrogel (CG) for water and wastewater treatment. Aluminium hydroxide 134 

polyhydrate hydrogel was prepared as the base material for water filtration. Then, AC was 135 

added to enhance the physicochemical characteristics of the hydrogel filter, such as 136 

mechanical strength, drying and cracking problems, and rejection of metal ions. Synthetic and 137 

landfill leachate wastewater solutions were tested for the CG membrane treatment from 138 

metal ions and organic matter. Furthermore, the study evaluated the impact of AC loading on 139 

the water flux and rejection of the hydrogel membrane and the membrane performance in 140 

multiple filtration cycles. The current study suggests a gravity-driven carbon-based aluminium 141 

hydroxide hydrogel membrane to reduce the operation cost for wastewater filtration. The 142 

gravity-driven hydrogel membrane does not require high-pressure pumps or expensive 143 

infrastructure to operate. Besides, the hydrogel membrane operates in a dead-end mode, 144 

eliminating brine wastewater generation. The hydrogel exhibited a steady performance in the 145 

consecutive filtration cycles, with 99% copper rejection in four cycles.  146 

 147 
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2. Materials and method 148 

 2.1 Materials 149 

The analytical-grade materials utilized in the study were obtained from suppliers without any 150 

alterations. AC powder with an average molecular weight of 12.01 g/mol and a particle size 151 

of 100 mesh was procured from Sigma-Aldrich (Australia) to prepare CG. Aluminium sulfate 152 

(342.15 g/mol), sodium bicarbonate (84.01 g/mol), sodium chloride (NaCl), magnesium 153 

chloride (MgSO4), copper sulfate (CuSO4), lead nitrate (PbNO3), and calcium chloride (CaCl2) 154 

were used in preparing and testing the CG hydrogel membrane were supplied by Chem-155 

supply, Australia. Deionized water (Milli-Q® Merck) was utilized throughout the experiments 156 

to prepare diluted NaCl, MgSO4, CuSO4, CaCl2, PbNO3, and CG. All chemicals were used in their 157 

original form as received from the suppliers. The materials used are analytical grade and used 158 

as suppliers provide without modifications. Biologically treated landfill leachate wastewater 159 

from the Hurstville Golf Centre in Sydney, Australia, was used in testing the rejection of the 160 

CG hydrogel membrane (Table 1). The landfill wastewater was stored in a refrigerator.  161 

 162 

Table 1 The main characteristic of landfill leachate collected from Hurstville Golf Centre  163 

Parameter Value Unit 

Turbidity 34 NTU 

Colour Light brown  

pH 7.82  

Conductivity 12.10 mS/cm 

Total dissolved solids (TDS) 5550 mg/L 

Total organic carbon (TOC) 149.2 ±5 mg/L 

Total carbon (TC) 204 ±5 mg/L 

Chemical Oxidation Demand 
(COD) 

150 mg/L 

Total iron ≤5 mg/L 

Salinity 1.75± 0.1 g/L 
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Na 1600 mg/L 

K 99.73 mg/L 

Mg 81.69 mg/L 

Ba 1 mg/L 

Ca 179.71 mg/L 

Mn 0.1 mg/L 

Ni 3.27 mg/L 

Zn 4.4 mg/L 

Pb 6.63 mg/L 

As 5.69 mg/L 

Cu 6.27 mg/L 

 164 

2.2 GC hydrogel membrane preparation 165 

Aluminium hydroxide polyhydrate hydrogel (AHG) was prepared from the reaction of 166 

aluminium sulfate and sodium bicarbonate according to the following equation: 167 

Al2(SO4)3 + Na2CO3 + H2O -> Al (OH)3 + Na2SO4 + CO2      [1] 168 

A step-by-step diagram of the hydrogel membrane fabrication is presented in Figure 1. 169 

Initially, 36.4 g of aluminium sulfate was dissolved in deionized (DI) water. A beaker of a 170 

suitable size was chosen to accommodate the solution, and DI water was added to it. The 171 

aluminium sulfate was then gradually added to the water while stirring continuously using a 172 

magnetic stirrer (Labco Digital 20L). The stirring was performed for one hour to ensure 173 

complete dissolution and uniform mixing of the aluminium sulfate in the solution. Separately, 174 

53.76 g of sodium bicarbonate was dissolved in DI water at a temperature of 30°C. A beaker 175 

of a suitable size was used, and DI water was added to it. The sodium bicarbonate was 176 

gradually added to the water while stirring, and the stirring process was continued for 30 177 

minutes to ensure complete dissolution. After the individual solutions were prepared, the 178 

sodium bicarbonate solution was added gradually to the aluminium sulfate solution. This step 179 

was carried out in a separate beaker with a one-litre capacity. The gradual addition of sodium 180 
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bicarbonate solution helps form the aluminium hydroxide polyhydrate hydrogel. Stirring was 181 

continued during the addition to ensure proper mixing of the solutions. Once the sodium 182 

bicarbonate solution was added to the aluminium sulfate solution, the resulting solution was 183 

left undisturbed for two to three weeks. During this time, polymerization of the hydrogel 184 

occurred, forming the aluminium hydroxide polyhydrate hydrogel. This step allowed the 185 

hydrogel to mature and stabilize. In the final step, carbon-based hydrogel membranes were 186 

prepared using activated carbon (AC). For each membrane, 1 g, 2 g, 3 g, and 4 g of AC were 187 

added separately to 1000 ml of DI water. The mixture was then sonicated for six hours using 188 

a digital ultrasonic bath (Thermo Scientific). This step aimed to enhance the properties and 189 

performance of the hydrogel membranes by incorporating AC. Throughout the hydrogel 190 

synthesis process, ambient conditions of 52% humidity and 22 °C were maintained to ensure 191 

consistency in the preparation of the hydrogel membranes. The prepared hydrogel 192 

membranes with AC concentrations of 1 g/L, 2 g/L, 3 g/L, and 4 g/L were denoted as 1CG, 193 

2CG, 3CG, and 4CG, respectively. 194 

A schematic diagram of the experimental hydrogel filtration apparatus is shown in Figure 1. 195 

The filtration experiments were conducted in a 15 cm length × 6.5 cm diameter cylinder of 196 

HDPE material to facilitate visual observation. The head of the feed solution controls water 197 

flux in the gravity-driven CG hydrogel. Filtration experiments were conducted at room 198 

temperature, 22 oC ± 3 oC. Unlike polyamide membranes, a moderate feed temperature 199 

increase insignificantly affects the inorganic CG hydrogel membrane. The hydrogel was set on 200 

a 35-mesh fabric cloth supported by a perforated screwed cap placed at the bottom of the 201 

filtration cylinder to hold the hydrogel membrane. To investigate the effect of the 202 

centrifugation of CG, 50 ml of CG was centrifuged at 2000 to 9000 rpm speeds with 1000 rpm 203 

speed intervals, while the supernatant was analyzed and discarded at the end of the 204 
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centrifugation cycle. The rejection percentage (%R) of different ions such as Pb2+, Mg2+, 205 

Cu2+, and Ca2+ions were calculated following Equation 1 below:  206 

%R= (c_i-c_e)/c_i   *100               (1) 207 

In Equation 1, Ci is the initial concentration (mg/L), and Ce is the concentration at the final 208 

equilibrium (mg/L). 209 

 210 

Figure 1: Schematic diagram of the filtration apparatus and setup of the 15 cm × 6.5 cm 211 
cylinder for CG experiments 212 
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2.3 Analytical methods 213 

The Thermo Scientific Nicolet (ThermoScientific, Sydney, Austalia) 6700 FT-IR (Fourier 214 

Transform infrared spectroscopy) spectrometer was utilized to investigate the 215 

characterization of carbon-based filtration through FT-IR analysis in the 400-4000 cm-1. The 216 

sample of CG was dried before testing, and each scan was produced from an average of 30 217 

scans. The morphology of the CG hydrogel membrane was examined using Field emission 218 

scanning electron microscopy (FE-SEM) from Zeiss Elvo (Zeiss Evo LS15). The synthetic water 219 

was analyzed using ICP-MS (inductively coupled plasma spectroscopy) from Agilent 220 

Technologies. The zeta potential of the CG hydrogels was calculated using the Nano-ZS Zeta-221 

sizer from Malvern Analytical. The surface area of the samples was determined through the 222 

BET (Brunauer-Emmett-Teller) method of nitrogen adsorption-desorption isotherms. The CG 223 

solutions were centrifuged using a Sigma centrifuge (model 2-16KL) for hydrogel dewatering 224 

and compaction. 225 

 226 

2.4 Characterization of CG Hydrogel  227 

CG hydrogel was characterized for physical and chemical properties to understand the 228 

mechanisms of divalent and monovalent metal ions rejection from solutions to evaluate their 229 

physical and chemical properties. The BET (Brunauer-Emmett-Teller) results showed that 4CG 230 

poses a significant specific surface area of 756.92 m2/g, almost 30 times larger than the 231 

specific surface area of AHG 25.73 m2/g. Furthermore, BET analysis revealed that the pore 232 

volume of 4 CG is 1.66 cc/g. Sample HG has the lowest pore volume (0.076 cc/g) and surface 233 

area (25.731 m2/g) (Table S1, supplementary information). Consequently, its capacity for ion 234 

removal may be limited compared to the other samples. Increasing the concentration of 235 

activated carbon on HGs can directly impact the pore volume and surface area, thus 236 
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influencing its adsorption capabilities. When the concentration of activated carbon is 237 

increased, the available pore volume also tends to increase (0.195 cc/g to 1.64 cc/g). Higher 238 

concentrations result in more activated carbon particles, providing more space for 239 

adsorption. Consequently, the increased pore volume allows a larger number of molecules or 240 

ions to be adsorbed onto the surface of the activated carbon. Besides, the surface area of 241 

activated carbon is closely linked to its adsorption capacity. As the concentration of activated 242 

carbon increases, the overall surface area also tends to increase from 106.536 m2/g to 243 

756.919 m2/g for 1CG to 4CG. Higher concentrations lead to more activated carbon particles, 244 

resulting in a greater total surface area for adsorption. The increased surface area provides 245 

more active sites for the interaction and adsorption of molecules or ions, enhancing the 246 

adsorption capacity of the activated carbon material.  247 

FTIR spectra analysis was conducted on the CG to gain further insight into the rejection 248 

mechanisms.  The results of the Fourier Transform Infrared Spectroscopy (FTIR) analysis for 249 

the HGs (aluminium hydroxide hydrogel) filter and CG (Carbon- aluminium hydroxide 250 

hydrogel membrane) provide insights into their chemical compositions and potential 251 

interactions with metal ions. For the HGs, the FTIR analysis revealed peaks at 510 cm-1 and 252 

1082 cm-1, consistent with Al (OH)3. These peaks indicate the existence of Al-O bonds within 253 

the HGs. A prominent peak at 3465.27 cm-1 also suggests the stretching vibrations of surface 254 

and interlayer water molecules and hydroxyl groups (Fig 2a). In the case of the CG, the FTIR 255 

analysis exhibited several characteristic features. An absorption band around 3255 cm-1 was 256 

observed, which can be attributed to the stretching vibration of hydroxyl groups from water, 257 

suggesting the presence of water molecules and hydroxyl groups on the CG surface. The FTIR 258 

spectrum also displayed peaks at 941 cm-1 and 678 cm-1, corresponding to the aromatic C-H 259 

bending vibration and Al single bond stretching vibrations, respectively. These peaks indicate 260 
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the presence of aromatic compounds and aluminium bonds within the CG. Moreover, the 261 

absorption peak at 1556 cm-1 suggests the existence of aromatic C=C groups, while the 262 

absorption peak at 1118.7 cm-1 indicates the presence of C-O-H functional groups. Overall, 263 

the FTIR analysis provides valuable information about the chemical characterization of the 264 

HGs and CG. The observed peaks and bands indicate the presence of specific chemical bonds, 265 

such as Al-O bonds in the HGs and aromatic compounds in the CG. These findings suggest 266 

potential mechanisms for the adsorption of metal ions through the interaction of these 267 

functional groups on the filter surfaces. In contrast, the presence of group C-O-H was 268 

suggested by an absorption peak at 1118.7 cm-1 (Fig 2b) 269 

The X-ray Diffraction (XRD) analysis is primarily utilized to uncover information regarding the 270 

phase and crystal structure of materials. The outcome of the XRD pattern for 1CG to 4CG 271 

concentrations is demonstrated in Figure 2c, revealing that all CG hydrogel samples were 272 

found to possess an amorphous-microcrystalline nature. The X-ray Diffraction (XRD) analysis 273 

is a widely used technique for studying the crystal structure and phase identification of 274 

materials. In the case of the hydrogel membrane sample (1CG to 4CG), Figure 2c displays the 275 

XRD pattern obtained from the analysis. Amorphous materials lack a well-defined, periodic 276 

arrangement of atoms, resulting in a diffraction pattern of broad peaks.                                                                                            277 
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 278 

Figure 2:  (a) FTIR Fourier-transform infrared spectroscopy (FTIR) spectrum of 4g/L CG (b) XRD 279 

spectra of 1 CG, 2 CG, 3 CG, and 4 CG in the room temperature  280 

The XRD pattern for the CG hydrogel membrane samples reveals specific peaks at certain 2θ 281 

angles. These peaks indicate the presence of crystalline phases within the amorphous-282 

microcrystalline structure. In particular, the XRD patterns show two prominent peaks at 283 

approximately 2θ angles of 15.29 and 37 degrees, corresponding to the crystallographic 284 

planes of aluminium hydroxide. The presence of these peaks suggests that the aluminium 285 

hydroxide within the hydrogel samples possesses a crystalline structure. The position and 286 

intensity of the peaks in the XRD pattern provide information about the spacing between 287 

crystal planes and the relative abundance of different crystallographic phases. Furthermore, 288 

it is worth noting that the XRD pattern for the CG hydrogel samples also exhibits peaks at 2θ 289 

angles of 15.29 and 36.84 degrees. These additional peaks may indicate the presence of other 290 

crystalline phases or the formation of microcrystalline structures within the amorphous 291 

matrix of the hydrogel. Overall, the XRD analysis confirms that the CG hydrogel samples 292 

possess an amorphous-microcrystalline nature, with both amorphous and crystalline phases. 293 

The specific peaks observed in the XRD patterns provide insights into the crystal structure and 294 
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phase composition of the hydrogel samples, contributing to a better understanding of their 295 

properties and behaviour.                   296 

This shift in peak angle was attributed to the AC coating on the surface of aluminium 297 

hydroxide. The peaks observed at 26 degrees were from the AC. Near 15 degrees were caused 298 

by the adsorbents' micro-porous and micro-crystalline nature, resulting from the multi-layer 299 

stacking of micro-crystalline structures resembling AC. Overall, the relative intensities of the 300 

peaks were almost similar for 2CG, 3CG and 4CG, and slightly higher intensities were observed 301 

for these peaks compared to 1CG. The results of the Fourier Transform Infrared Spectroscopy 302 

(FTIR) analysis for the HGs (aluminium hydroxide hydrogel) filter and CG (Carbon -aluminium 303 

hydroxide hydrogel membrane) filter provide insights into their chemical compositions and 304 

potential interactions with metal ions (Figure S.1 Supplementary information). For the HGs 305 

filter, the FTIR analysis revealed peaks at 510 cm-1 and 1082 cm-1, consistent with Al (OH)3. 306 

These peaks indicate the existence of Al-O bonds within the filter material. Additionally, a 307 

prominent peak at 3465.27 cm-1 suggests the stretching vibrations of surface and interlayer 308 

water molecules as well as hydroxyl groups. This peak indicates the presence of these 309 

functional groups on the HGs surface, which could play a role in attracting metal ions. In the 310 

case of the CG, the FTIR analysis exhibited several characteristic features. An absorption band 311 

around 3255 cm-1 was observed, attributed to the stretching vibration of hydroxyl groups 312 

from water, indicating the presence of water molecules and hydroxyl groups on the CG filter 313 

surface. The FTIR spectrum also displayed peaks at 941 cm-1 and 678 cm-1, corresponding to 314 

the aromatic C-H bending vibration and Al single bond stretching vibrations, respectively. 315 

These peaks indicate the presence of aromatic compounds and aluminium bonds within the 316 

CG. 317 

Moreover, the absorption peak at 1556 cm-1 suggests the existence of aromatic C=C groups, 318 
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while the absorption peak at 1118.7 cm-1 indicates the presence of C-O-H functional groups. 319 

Overall, the FTIR analysis provides valuable information about the chemical characterization 320 

of the HGs and CG filters. The observed peaks and bands indicate the presence of specific 321 

chemical bonds, such as Al-O bonds in the HGs filter and aromatic compounds in the CG. 322 

These findings suggest potential mechanisms for the adsorption of metal ions through the 323 

interaction of these functional groups on the filter surfaces. 324 

Energy-dispersive X-ray spectroscopy (EDS) and scanning electron microscopy (SEM) were 325 

taken to detect the CGs elemental composition by Zeiss Evo-SEM with an acceleration voltage 326 

of 15 kV for EDS collection. SEM examined the surface characteristics of CG membranes 327 

coupled with EDS (Figure 3). The SEM micrographs of CG membranes showed that the 328 

morphology changed with increasing concentrations of AC. At low concentrations, the carbon 329 

particles appear to have dispersed evenly on the hydrogel surface (Figure 3a), maintaining its 330 

overall integrity. However, at higher concentrations, a large amount of activated carbon can 331 

lead to agglomeration or clustering of particles, as evident in Figures 4b, 4c and 4d. The 4CG 332 

surface structures become more compact, smoother, and less porous compared to the 333 

samples 1CG, probably, due to the increased number of AC on the surface, which altered its 334 

original structure. The particles appeared to be agglomerated due to clustering and higher 335 

adsorption capacity. Incorporating activated carbon particles into the hydrogel can also 336 

introduce surface irregularities (Figures 4b, 4c and 4d), increasing the roughness of the 337 

membrane's surface. This roughness can provide additional sites for the adsorption of 338 

different contaminants in the feed solution. At low concentrations, the carbon particles have 339 

dispersed evenly on the hydrogel surface (Figure 3a), maintaining its integrity. However, at 340 

higher concentrations, a large amount of activated carbon can lead to agglomeration or 341 

clustering of particles, as evident in Figures 4b, 4c and 4d. 342 
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 343 

Figure: 3 SEM image of CG membranes at different concentrations of AC under 30000 344 

magnitudes at room temperature (22 oC) (a) 1CG (b) 2CG (c) 3CG (4) 4CG 345 

 346 

Energy dispersive X-ray spectroscopy (EDS) analysis was attained to determine the elemental 347 

composition of the CG. EDS analysis clearly shows the presence of C, O, and Al (Figure S1a, 348 

Supplementary information, S.1). EDS X-ray shows a small peak of sodium ions, which can be 349 

assigned to the sodium bicarbonate used during the CG preparation. As the concentration of 350 

AC increases, so does the percentage of carbon in the hydrogel membranes (Figure S1b to 351 

S1d, Supplementary information S.1). The mass percentage of each element within/on CGs 352 

is explained in Table 2. In Figure S1e (Supplementary information S.1), it is noticeable that 353 

there are substantial peaks located at 0.5 kV (Kα, Ca) and 3.5 kV (Kβ, Ca), indicating the 354 

adsorption of calcium ions. These peaks signify the energy levels of the calcium ions as they 355 

are absorbed onto the surface of the AC. Similarly, in Figure S1 f-h (Supplementary 356 
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information S.1), prominent peaks can be seen at 0.5 kV (Kα, Cu) and 8 kV (Kβ, Cu), 1 (Kβ, Mg) 357 

for Cu2+ and Mg2+ ions, which represent adsorption for Cu2+ and Mg2+ ion adsorption, 358 

respectively. Also, it can be seen in Figure S1.H (Supplementary information S.1) that 359 

prominent peaks occur at 2.5 kV (Kα, Pb) and 10.5 kV (Kα, Pb) for Pb2+ ions representing 360 

adsorption to CG. The carbon content was significantly increased in Fig. S1e, S1g, and 361 

significantly decreased in Fig. S1h. This can be attributed to the high affinity of Ca and Cu to 362 

carbon compared to Pb; calcium and copper have higher affinities for carbon than pb. In 363 

contrast, Ca has a higher affinity than Cu; therefore, the carbon content in FigS1e is higher 364 

than in Figure S1g. 365 

 366 

Table 2 Composition of the element of CG and 4CG after treatment of 1000 mg/L Ca2+, Mg2+, 367 

Pb2+, Cu2+ feed solution   368 

Sample Name  Elemental Composition wt (%)    

C  O  Na  S  Al  Ca  Mg  Pb  Cu  
1CG before treatment  11.42  57.84  11.96  0.31  18.47  -  -  -  -  

2CG before treatment  12.68  56.53  10.74  0.20  19.85  -  -  -  -  

3CG before treatment  12.72  56.51  10.72  0.20  19.85  -  -  -  -  

4CG before treatment  18.31  56.77  12.69  0.02  12.20  -  -  -  -  

4CG after treatment Ca  22.67  54.71  8.98  0.02  11.22  2.41  -  -  -  

4CG after treatment Mg  13.56  59.58  5.58  0.93  17.92  -  2.33  -  -  

4CG after treatment Cu  20.23  59.97  6.57  1.23  11.91  -  -  -  6.13  

4CG after treatment Pb   7.96  42.70  6.01  23.37  0.20  -  -  19.75  -  

 369 

Electrostatic interactions between charged ions in the feed solution and the hydrogel 370 

membrane are critical for understanding the rejection mechanism. Figure 4 shows the surface 371 

zeta potential measurements for CGs. As a result of the carboxylic (single bond COOH), 372 
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hydroxyl (single bond OH) of AC, and hydroxide of aluminium, the fabricated CGs had a 373 

negative zeta potential. The surface zeta potential increased with the increasing AC powder 374 

concentration in the CG from − 20.41 mV to − 36.58 mV for 1CG and 4CG, showing a 1.5 times 375 

increase in zeta potential due to the higher AC concentration. This increase in negative zeta 376 

promotes metal ions rejection and adsorption on CG's surface. 377 

 378 

Figure 4:  Surface zeta potential at different concentrations of AC in the CG from 1 to 4 CG 379 

2.5 Mechanical strength of CG Hydrogel 380 

According to previous research [32], hydrogel has poor mechanical strength and is prone to 381 

cracking when subjected to low hydraulic pressure. Hydrogel's mechanical fragility has a 382 

negative effect on filter cleaning and backwash. The hydrogel's performance also deteriorates 383 

when fractures appear on its surface because they create pathways for contaminants to 384 

bypass the filtration system. In this study, AC was considered to improve the mechanical 385 

strength of hydrogel and adsorption capacity. According to earlier research [33-35], carbon 386 

materials act as cross-linkers with a potent interaction with polymer chains. This property will 387 

lessen the challenges associated with hydrogel drying when AC is added to the hydrogel 388 
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matrix. In addition, carbon additions improved the water-holding ability of polymer materials 389 

[36]. Using a rotating shear rheometer to test the material's mechanical strength revealed 390 

that hydrogel containing AC is more fracture-resistant. Figure 5 depicts the rheology results 391 

of the different concentrations of AC hydrogel at room temperature. 392 

The hydrogel's rheological properties strongly influence its membrane performance [37, 38]. 393 

The balance between viscosity and elasticity influences the ability of the hydrogel membrane 394 

to recover its original shape after deformation. A hydrogel membrane should have suitable 395 

viscoelasticity to maintain its structural integrity when subjected to mechanical stresses. The 396 

preliminary rheology results demonstrate that adding AC additives to the hydrogel increases 397 

its mechanical strength. AC is a porous material that can exhibit viscoelastic behaviour, 398 

combining viscous and elastic. The concentration of AC can influence its viscoelastic 399 

properties. At low concentrations, for example, AC suspensions exhibit more elastic 400 

behaviour, i.e. tend to return to the original shape after being subjected to deforming stress 401 

due to the weak interparticle interactions between the AC particles. At higher concentrations, 402 

the interparticle interactions become more robust, and the suspensions exhibit more viscous 403 

behaviour, meaning they tend to deform permanently under stress. The shear stress versus 404 

shear rate graph for an AC suspension at high concentration will show a non-linear 405 

relationship typical of non-Newtonian fluids (Figure 5a). For all tested samples, it was noted 406 

that as the shear rate increased, the viscosity decreased, and the shear stress increased 407 

(Figure 5b).  408 
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 409 

Figure 5: Mechanical strength of different concentrations of AC at room temperature (a) 410 
stress rate vs shear rate (b) viscosity vs shear rate 411 

 412 

The shear stress-shear rate curve for the synthesized CG hydrogel membranes shows a rapid 413 

increase in apparent viscosity as the shear rate decreases, indicating shear-thinning 414 

behaviour. CG is a viscoelastic polymer, meaning it exhibits both viscous and elastic 415 

properties. When AC is dissolved in aluminium hydroxide polyhydrate hydrogel, the polymer 416 

chains form a network that contributes to the overall viscosity of the solution. As shear is 417 

applied, chains are rearranged, and the network is disrupted, leading to a decrease in viscosity 418 

and an increase in fluidity; this effect is known as shear thinning. The degree of shear thinning 419 

depends on the concentration of AC in aluminium poly hydrate hydrogel and the magnitude 420 

of the applied shear. Higher concentrations of AC result in a more pronounced network 421 

structure, which means the degree of shear thinning is higher. 422 

 423 

3. Results and discussion 424 

3.1. Water flux of CG Hydrogel membrane 425 

Several factors impact the hydrogel water flux, such as feed concentration, hydrogel 426 

compaction, feed temperature, solute size and shape, viscosity, and ionic interactions. Before 427 
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the filtration tests, the CG solution was prepared and cast on a fabric support layer (35 mesh) 428 

with and without hydrogel centrifugation. DI water and synthetic feed solution with various 429 

divalent ions were tested for the hydrogel membrane filtration process to investigate the 430 

impact of feed composition on the water flux. The CG membrane thickness was about 1mm, 431 

and each test was repeated twice to confirm the results.  432 

Initially, the water flux of CGs was tested at 0.01 bar (circa 10 cm head) using a DI water feed 433 

solution. Figure 6a shows the effect of centrifugation at 2000 to 9000 rpm, with a 1000 rpm 434 

interval, on the performance of the CG filter containing 1 to 4 g/L AC (1CG to 4CG hydrogel 435 

membranes) with DI water feed solution. Results show a decrease in water flux by increasing 436 

the centrifugation speed from 0 rpm to 9000 rpm or increasing the concentration of AC in the 437 

CG. For hydrogel tests without centrifugation, the water flux decreased from 312 LMH in the 438 

1CG hydrogel membrane to 147.4 LMH in the 4CG hydrogel membrane. However, as the 439 

centrifugation speed was increased to 9000 rpm, the water flux decreased to 49.12 LMH for 440 

1CG. This reduction in water flux could be attributed to the compaction of the hydrogel at 441 

higher centrifugation speeds. The pore analysis test showed that the hydrogel membrane 442 

pore volumes decreased from 1.66 cc/g to 0.268 cc/g due to the AC concentration increase 443 

from 1 g/L to 4 g/L. Likewise, the GC hydrogel membranes' porosity decreases with increasing 444 

the concentration of AC, resulting in more compacted CG media and hence a lower water flux. 445 

As shown in Figure 6a, increased AC concentration in the CG and increased centrifugation 446 

speed decreased the hydrogel membrane water flux. Specifically, there was more than a 60% 447 

reduction in water flux after centrifugation at 9000 rpm. A similar water flux decrease was 448 

observed in the CGs with 2, 3, and 4 g/L  AC concentrations (Figure 6).   449 

Experimental results with  10 mg/L of  Pb2+ (Figure 6b) feed solution revealed that the water 450 

flux of CG membrane without centrifugation was 122 LMH for 1CG, 108 LMH for 2CG, 93 LMH 451 
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for 3 CG, and 75 LMH for 4CG hydrogel membrane. In effect, the water flux in the 1CG was 452 

1.5 times that in the 4CG. Similar results for lower water flux with increasing AC 453 

concentrations were achieved for Cu2+,  Mg2+, and Ca2+ feed solutions, as presented in Figures 454 

6c, 6d, and 6e. The lower water flux achieved in the CG containing higher AC concentration 455 

could be attributed to the decrease in CG's pore size at increased AC concentration, causing 456 

a sharp drop in water flux. There is a trade-off between CG's water flux and rejection 457 

(selectivity) due to the variation in centrifugation speeds and AC concentration in the CG 458 

hydrogel membrane. 459 

On the other hand, there is an increase in the ions rejection rate when the CG hydrogel 460 

membrane contains high AC concentration and is processed at high centrifugation speeds due 461 

to the reduction in the pore size and CG compaction. Charged molecules and large particles 462 

could be held on the hydrogel surface due to electrostatic and physical hindrances. At the 463 

same time, small and low-charged ions enter the hydrogel pores and are separated by surface 464 

interactions (electrostatic and friction).  465 

Figure 6f shows the water flux of DI, landfill leachate, and UA-60 NF membrane (Microdyn, 466 

Germany). The water flow rate dropped from 120 LMH for deionized water to 81.12 LMH and 467 

72.40 LMH for GW and landfill leachate, respectively. Pore compression or hydrogel collapse 468 

can reduce adequate pore size and decrease water passage. The results show that the 4CG 469 

hydrogel membrane has a higher flux ( 72.40 LMH) than the current membrane UA-60 (50 470 

LMH) at 5 bar pressure (Figure 6f) [39]. The problem of film contamination could be solved 471 

by soaking the hydrogel in a DI water solution to remove loose contaminants on the hydrogel 472 

surface. Chemical cleaning, although effective, it has disadvantages as it will generate 473 

additional waste streams and make the process energy intensive. Knowing that the hydrogel 474 
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material is inexpensive (>$1 per m2), chemical cleaning will increase the filtration cost and 475 

generate wastewater.  476 

 477 

Figure 6: Water flux of metal ions at different concentrations of AC (a)  DI water (b) 10 mg/L 478 
of Pb  (c) 10 mg/L of Cu  (d) 10 mg/L of Mg (e) 10 mg/L of Ca (f) 4CG for groundwater landfill 479 
leachate (LL) and UA-60 membrane for landfill leachate in the room temperature. 480 

 481 

3.2 Synthetic feed treatment 482 
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This section investigated the rejection percentage of the CG hydrogel membrane to divalent 483 

ions from an aqueous solution. 10 and 1000 mg/L of Pb2+, Mg2+, Cu2+, and Ca2+ were dissolved 484 

in DI water and filtered through the CG hydrogel membrane of 1 to 4 g/L AC. The impact of 485 

centrifugation on the rejection rate of divalent ions by the CG filter was investigated using a 486 

15 cm high filtration column of 0.4L capacity. 487 

Inductively Coupled Plasma measured the final concentrations of Pb2+, Mg2+, Cu2+, and Ca2+ in 488 

the product water. The results are illustrated in (Figures 7a-7d) for 10 mg/L of metal ions and 489 

(Figure 7e-7h) for 1000 mg/L of metal ions.  490 

Figure 7 shows that the permeate concentration decreased as the AC concentration in the 491 

hydrogel increased or when the CG hydrogel membrane was prepared at elevated 492 

centrifugation speeds. The 4CG hydrogel membrane achieved the highest ion rejection from 493 

the feed solution. The 4CG hydrogel membrane, without centrifugation, achieved rejection 494 

efficiencies of 99.9%, 99.9%, 84%, and 90%, respectively, for Pb2+, Cu2+, Ca2+, and Mg2+ (Figure 495 

7a-7d). For the 10 mg/L feed solution, CG hydrogel membranes with and without hydrogel 496 

centrifugation showed high rejection efficiencies for Pb2+ and Cu2+ (Figure 7a-7b). For 497 

example, at 9000 rpm, the rejection efficiency of Pb2+ and Cu2+ for CG hydrogel membranes 498 

was over 99.9%. The 1CG hydrogel rejection of Cu2+ ions increased from 98.7% without 499 

centrifugation to 99.5% at 9000 rpm centrifugation speed. Similarly, for Ca2+ and Mg2+, the 500 

rejection increased as the centrifugal force increased. At 9000 rpm, the 4CG hydrogel 501 

membrane rejection of Ca2+ was 94% and 98% for Mg2+. 502 

For 1000 mg/L feed solutions, it was observed that the rejection of Pb2+ and Cu2+ increased as 503 

the centrifugal force increased (Figures 7e and 7f). For all CG hydrogel membranes prepared 504 

at 9000 rpm, the rejection of Pb2+ was more than 93%, and 4CG hydrogel achieved the highest 505 

rejection of 97.4% (Figure 7e). The rejection of Cu2+ was over 95% for all CG hydrogel 506 
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membranes at 9000 rpm, with 4CG hydrogel membrane achieving the highest rejection of 507 

98.5% (Figure 7f). On the contrary, the removal efficiencies of Ca2+ and Mg2+ did not 508 

significantly improve as the centrifugal force increased (Figure 7g and 7h). For Ca2+, the 509 

highest rejection was observed with 4CG at 9000 rpm, with a value of 53.5%. For Mg2+, the 510 

highest rejection was 89.95% for the 4CG hydrogel membrane prepared at 9000 rpm. Overall, 511 

the results suggest that the centrifugal force significantly impacts the rejection of metal ions 512 

from aqueous solutions using centrifugal. The rejection of each metal ion may vary depending 513 

on the centrifugal speed and the concentration of AC in the CG hydrogel membrane. 514 

Therefore, selecting an appropriate centrifugal speed and CG type is essential based on the 515 

target metal ions in the feed solution. Generally, the best rejection of all ions was achieved at 516 

higher AC concentration and centrifugation speeds, and it was in the following order Pb2+> 517 

Cu2+> Mg2+> Ca2+. 518 

The rejection of divalent ions by CG hydrogel membranes depends on many environmental 519 

and experimental factors such as the type and concentration of metal ions, the complexing 520 

ability of metal ions, ionic radius, ions hydration energy, hydrogel structure, the uptake time, 521 

and reactive sites available on the CG hydrogels' surface. These factors affect the interaction 522 

between the CG hydrogel membrane and divalent ions, hence, ions' rejection efficiency from 523 

solutions. For example, for all CG hydrogel membranes and centrifugation speeds, lead 524 

exhibited the highest rejection by the CG hydrogel membranes, followed by copper, 525 

magnesium, and calcium, with the lowest rejection. The ionic radius of Pb2+ is 121 p.m., 526 

significantly more significant than that of Cu2+ and Mg2+, which are 80 p.m. and 72 p.m., 527 

indicating that Pb2+ has a smaller hydrated radius (401 p.m.), making it a stronger Lewis acid 528 

than other metals. As a result, Pb2+ has a higher attraction for the oxygenated groups found 529 

on the surface of AC, including carboxylic and phenolic groups, which are considered complex 530 
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Lewis bases. The electronegativity of Pb2+, Cu2+, and Mg2+ follows the sequence Pb2+ (2.3) > 531 

Cu2+ (1.9) > Mg2+ (1.3), supporting the idea that electrostatic forces drive the attraction 532 

between the metal ions and AC surface groups. Regarding the ion exchange mechanism, it is 533 

reasonable to anticipate that a metal with a higher electronegativity or acidity will exhibit 534 

greater reactivity with a protonated site compared to a metal with a lower electronegativity 535 

or acidity.  536 

Figure 7 also revealed that the hydrogel membranes' rejections of divalent ions decreased 537 

with increasing the feed concentration from 10 mg/L to 1000 mg/L. The electrostatic charge 538 

screening of the hydrogel membranes resulted in low ion rejection at 1000 mg/L feed 539 

concentrations. The hydrogel membrane rejection can be attributed to the synergetic effects 540 

of different mechanisms [39]. The removal of heavy metals in CG hydrogel membranes can 541 

be attributed to two primary mechanisms: ion exchange and electrostatic attraction. These 542 

mechanisms play a crucial role in the adsorption and co-precipitation of heavy metal ions onto 543 

the surface of the CG hydrogel membrane. Ion Exchange: The CG hydrogel membranes 544 

possess ion exchange sites or functional groups that can undergo ion exchange with heavy 545 

metal ions present in the solution. These exchange sites, such as the carboxylate (-COO-) 546 

group, are typically negatively charged. Heavy metal ions, which are positively charged, can 547 

exchange ions with these sites. When the CG hydrogel membrane encounters a solution 548 

containing heavy metal ions, the positively charged metal ions are attracted to the negatively 549 

charged exchange sites on the membrane surface. This electrostatic attraction allows the 550 

metal ions to replace other ions bound to the exchange sites, resulting in the adsorption of 551 

heavy metals onto the membrane. Electrostatic Attraction: The negatively charged ions on 552 

the surface of the CG hydrogel membrane can also facilitate the adsorption process through 553 

electrostatic attraction. Heavy metal cations, being positively charged, are attracted to the 554 
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negatively charged surface of the membrane. This electrostatic interaction between the 555 

metal cations and the negatively charged ions on the CG hydrogel surface enhances the 556 

adsorption of heavy metals. The attractive forces between opposite charges facilitate the 557 

binding of heavy metal ions to the membrane. Additionally, co-precipitation can occur 558 

because of ion exchange. When heavy metal ions exchange with ions on the CG hydrogel 559 

surface, they can form insoluble compounds or complexes. These insoluble compounds can 560 

then precipitate onto the membrane surface, leading to the co-precipitation of heavy metals. 561 

Combining ion exchange and electrostatic attraction in CG hydrogel membranes effectively 562 

removes heavy metal ions from solutions. The functional groups and negative charge on the 563 

membrane surface contribute to the adsorption and co-precipitation processes, enabling the 564 

efficient capture and removal of heavy metals.  At a feed concentration of 1000 mg/L, the 565 

4CG hydrogel membrane rejection of Mg2+, Ca2+, Pb2+, and Cu2+ is 84, 30, 97, and 95% (Figure 566 

8). Compared to the same 4CG hydrogels with a 10 mg/L feed concentration, the reduction 567 

of rejection of divalent ions decreased by 2.5% for Pb2+, 5.5% for Mg2+, 54.5% for Ca2+, and 568 

4.9% for Cu2+. The rejection of the CG hydrogel to divalent ions is more significant for Cu2+ 569 

and Pb2+ than for Mg2+ and Ca2+. It is attributed to the differences in these elements' chemical 570 

and physical properties like hydrate ions and electronegativity. The trend observed in this 571 

experiment is that increasing the concentration of AC in the aluminium hydroxide hydrogel 572 

improves its performance in removing ions from a solution. The results show that as the 573 

concentration of AC increases from 1 g/L to 4 g/L, the rejection for Ca2+, Mg2+, Cu2+, and Pb2+ 574 

in a solution of 10 mg/L increases. Also, the rejection for these ions in a solution of 1000 mg/L 575 

increases with increased AC concentration. The trend also shows that the hydrogel performs 576 

better at removing Cu2+ and Pb2+ ions than Ca2+ and Mg2+ ions. As the concentration of ions 577 

in the solution increases, the rejection of the hydrogel membrane decreases, but this 578 
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decrease tends to be less significant at higher AC concentrations. 579 

 580 

Figure 7: Removal metal ions at 10 mg/L& 1000 mg/l at different concentration of AC (a) 10 581 
mg/L Pb (b) 10 mg/L  Cu (c) 10 mg/L Mg (d) 10 mg/L Ca (e) 1000 mg/L of Pb (f)1000 mg/L Cu 582 
(g)1000 mg/L Mg(h) 1000 mg/L Ca 583 
 584 
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 585 

Figure 8:  Removal percentage at 10 mg/L& 1000 mg/l at different concentration of AC (a) 10 586 
mg/L Pb (b) 10 mg/L Cu (c) 10 mg/L Mg (d) 10 mg/L Ca (e) 1000 mg/L of Pb (f)1000 mg/L Cu 587 
(g)1000 mg/L Mg(h) 1000 mg/L Ca 588 
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 589 
3.3 Copper rejection in the filtration cycles 590 

Four filtration cycles were conducted to investigate the Cu2+ ions rejection in consecutive 591 

cycles using a 10 mg/L feed concentration (Figure 9). A 4CG hydrogel without centrifugation 592 

was used in the tests because of its high-water flux and the trivial impact of the centrifugation 593 

process on Cu2+ ions rejection by the CG (Figure 8).  594 

 595 

 596 

Figure 9: Reusability of 4 CG in four cycles with copper sulfate in 10 mg/L and water flux in 4 597 
cycles at room temperature 598 

The 4CG hydrogel membrane was put on a fabric material and left for a few minutes to settle 599 

down before conducting the filtration tests. Experimental results revealed that the water flux 600 

declined through the consecutive filtration cycles, and it was 95 LMH in the first cycle, 50.1 601 

LMH in the second cycle, 30.5 LMH in the third cycle, and 26.01 LMH in the fourth cycle. The 602 

water flux in the first filtration cycle was roughly two times that in the third filtration cycle, 603 

and it could be due to a reduction in CG's pore size, resulting in a dramatic drop in water flux. 604 

The feed concentration of Cu2+ was 10 mg/L and reduced to 0.008 mg/L in the synthetic 605 

water after the first filtration cycle. The 4CG hydrogel membrane was used in multiple 606 
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filtration cycles, with more than 99% Cu2+ rejection after 4 cycles, as shown in Figure 9. The 607 

result indicates that the final concentration of Cu2+ ions in the first, second, third, and fourth 608 

filtration cycles was 0.005, 0.002, 0.001and 0.0009 mg/L, respectively. Indeed, the 4CG 609 

rejection of Cu2+ ions was not affected in the consecutive filtration cycles, in which the 4CG 610 

hydrogel membrane achieved over 99% rejection. 611 

 612 

3.4 Landfill leachate wastewater treatment 613 

The efficiency of the ion's rejection by the 4CG hydrogel membrane was evaluated using 614 

biologically treated landfill leachate. All experiments were performed three times under 615 

dead-end filtration mode conditions with a constant head of 10 cm (about 0.01 bar). Landfill 616 

leachate contains various heavy metals such as lead, chromium, arsenic, copper, nickel, zinc, 617 

and mercury at various concentrations (Table 1). Landfill leachate quality is typically 618 

evaluated based on parameters such as total organic carbon (TOC), pH, suspended solids (SS), 619 

heavy metal content, or turbidity, which indicate the leachate's quality.  620 

Figure 10 displays heavy metal concentrations in the 4CG permeate after treatment. The 621 

heavy metals rejection by the 4CG hydrogel membrane was more than 90% for Ni, Zn, Pb, As, 622 

and Cu ions. The high rejection is attributed to the electrostatic of the 4CG hydrogel 623 

membrane, which attracts and removes positively charged ions such as heavy metals. The 624 

heavy metal ions in the leachate wastewater, mostly divalent or trivalent, are electrostatically 625 

attracted to the hydrogel membrane. The GC rejection of heavy metals increased in the 626 

following order As>Ni>Pb>Zn>Cu>Mn (Figure 10). Also, the hydrogel membrane is anticipated 627 

to have a higher rejection of ions with larger ionic radii, such as Ba. In other words, the 628 

hydrogel membrane will show a higher resistance level to divalent or large molecular weight 629 

ions rejected by size exclusion or electrostatic repulsion. 630 

The study found that monovalent ions such as K+ (99.73 mg/L) and Na+ (1600 mg/L) were 631 

abundant, whereas multivalent ions such as Ca2+ (179.71 mg/L) and Mg2+ (81.69 mg/L) had 632 

lower concentrations in the feed solution. Furthermore, the 4CG hydrogel was not successful 633 

in removing monovalent ions. The CG hydrogel's rejection of Na+ was only 10%, which can be 634 

attributed to its low electronegativity and the high concentration of other cations in the 635 
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leachate. Ca²+ and Mg²+ ions exhibit different behaviour in the landfill leachate due to their 636 

high hydration-free energies. Ions have a weak attraction to water molecules, shed their 637 

hydration shells, and pass through the CG pores, resulting in a rejection. In contrast, ions that 638 

firmly retain water molecules in their hydration shells struggle to shed them and are thus 639 

retained by the hydrogel membrane. Conversely, ions with larger crystal radii, such as K+ and 640 

Na+, have weaker hydration shells, which allows them to separate from their hydration layer 641 

during adsorption by hydrogel materials (Table 3).  642 

Unlike reverse osmosis and nanofiltration processes, the CG hydrogel membrane does not 643 

generate brine wastewater since it operates in a dead-end filtration mode. The dead-end 644 

filtration captures metal ions in the feed solution for reuse. A solvent at proper pH would be 645 

used for metal ions recovery at the end of the filtration process. 646 

 647 

Figure 10: Concentrations and rejection of heavy metals after the CG hydrogel membrane 648 

treatment of leachate wastewater  649 

 650 

The study also evaluated the removal of Total Organic Carbon (TOC) from landfill leachate. 651 

Experimental tests were conducted for 90 minutes, and samples were analyzed for their total 652 

organic carbon (TOC) content. CG effectively removed 53% of TOC from the landfill leachate. 653 

The study revealed that the TOC concentration in the CG permeate was 73.78 mg/L, and the 654 

CG hydrogel membrane effectively removed 53% of TOC from the landfill leachate. 655 

 656 

Table 3- Metal ions, a respective group in the periodic table, ionic radii, hydration energy, and 657 

electronegativity 658 
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Ion Ionic radii, nm Electronegativity Hydrated radii, 
nm 

Hydration energy, 
KJ·mol-1 

Na+ 0.102 0.9 0.358 -406 
K+ 0.138 0.8 0.331 -322 
Mg2+ 0.072 1.3 0.428 -1921 
Ca2+ 0.100 1.0 0.412 -1577 
Ba2+ 0.136 0.9 0.404 -1305 
Mn2+ 0.067 1.5 - -1841 
Ni2+ 0.069 1.9 0.404 -2105 
Pb2+ 0.202 2.3 0.401 -1480 
Cu2+ 0.096 1.9 0.419  

 659 

4. Conclusions 660 

This study demonstrated the feasibility of carbon-based hydrogel for water purification and 661 

wastewater treatment. The hydrogel rejection rate increased with the concentration of 662 

activated carbon from 1 g/L to 4 g/L. Furthermore, centrifugation can effectively enhance the 663 

rejection of heavy metals by hydrogel membrane. Key findings from this study are as follows: 664 

1. The 4CG hydrogel membrane achieved the maximum rejection efficiency in the following 665 

order: Pb 2+> Cu 2+> Mg 2+> Ca 2+. 666 

2. Water flux decreased with increased activated carbon from 1 g/L to 4 g/L due to pore 667 

volumes reduction in the hydrogel prepared with 4 g/L activated carbon. Nevertheless, the 4 668 

CG hydrogel membrane exhibited the best ions rejection 669 

3. The water flux of the CG hydrogel membranes decreases by increasing the centrifugation 670 

speed or the activated carbon concentration, whereas the membrane's rejection of ions 671 

increases.  672 

4. Multivalent ions remain removed due to compensation for decreased electrostatic 673 

repulsion. A 4CG hydrogel membrane charge has higher ionic strength, but the more 674 

permeable monovalent co-ions pass through the 4CG more easily, balancing the effect.  675 

The CG hydrogel membrane could be designed to achieve higher water flux or ion rejection 676 

based on the feed solution characteristics. The findings of this study have important 677 

implications for developing sustainable water treatment strategies and protecting aquatic 678 

ecosystems and human health. Based on the above results, CG exhibited better performance 679 

in ion separation. It can be concluded that CG has strong potential as an economical 680 

alternative adsorbent material for heavy metal rejection. 681 
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Table S1, BET Analysis of different hydrogel membranes 809 

Sample Pore volume Surface area 
HG 0.076 cc/g 25.731 m2/g 
1 CG 0.195 cc/g 106.536 m2/g 
2 CG 0.268 cc/g 223.066 m2/g 
3 CG 0.70 cc/g 342.248 
4 CG 1.644 cc/g 756.919 m2/g 

 810 

S.1. FT-IR Analysis 811 
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Figure S.1. FT-IR analysis of CG  813 

 814 

 815 

S.2. EDX analysis 816 

The EDX analysis were imported from the SEM system directly and are presented in Figure 817 

S2 for all the hydrogels.  818 
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Figure S2: Energy Dispersive X-ray Spectroscopy (EDS) (a) 1CG before treatment (b) 2CG (c) 820 

3CG (d) 4 CG (e)  4CG after treatment loaded 1000 mg/L Ca (e) 4CG after treatment 821 

loaded1000 mg/L Mg (f) 4CG loaded 1000 mg/L Cu (g) 4CG after treatment loaded 1000 822 

mg/L Pb in room temperature 823 

 824 


	Clipboard Data(1)
	PAPER CG2 revision 11 (3).pdf
	1. Introduction
	2. Materials and method
	2.1 Materials
	2.2 GC hydrogel membrane preparation

	2.3 Analytical methods
	2.4 Characterization of CG Hydrogel

	2.5 Mechanical strength of CG Hydrogel
	3. Results and discussion
	3.2 Synthetic feed treatment
	3.3 Copper rejection in the filtration cycles
	3.4 Landfill leachate wastewater treatment

	4. Conclusions


