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Abstract: Solar-driven evaporation systems have been studied to provide clean water, especially for 

islandic areas. Carbon materials made from sludge in domestic wastewater treatment plants have 

been studied to produce light-absorbing membranes in solar-to-steam (STS) systems. However, the 

technical limitation of this method is that the water evaporation rate is still low. In this study, the 

process of manufacturing light-absorbing membranes was optimized to simplify the process while 

increasing the water evaporation rate and testing the application of converting seawater into fresh 

water. The optimal evaporation rate was 2.65 kg.m-2.h-1, higher than the system using vacuum drying 

membranes (1.88 kg.m-2.h-1) under 0.6 kW/m2 illumination conditions. When illuminated, the 

surface temperature of the TN_0.1 light-absorbing membrane reached 36.5°C, meaning 2.5°C higher 

than that of the reference membrane (without carbon material). The results of analyzing some anion 

and cation indicators in the harvested water showed that the fabricated STS systems could be applied well 

to convert seawater into fresh water for domestic use. Especially, the treatment efficiencies for 𝑁𝑎+, 

𝐶𝑎2+, 𝐶𝑙−, 𝑁𝑂3
−, 𝑎𝑛𝑑 𝑆𝑂4

 2− reach 99.87%, 94.35%, 99.5%, 99.98%, and 99.44%, respectively. 
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1. Introduction   

Population growth, socio-economic 

development, and the global scarcity of fresh 

water are exacerbating the conflict between 

water supply and demand. It is projected that 

approximately 5 billion people worldwide will 

face difficulties accessing safe drinking water by 

2050 [1-3]. To address this issue, it is essential 

to deploy effective, environmentally friendly, 

and cost-efficient technologies for seawater 

desalination and wastewater treatment. Among 

these, solar-to-steam technology has been 

extensively utilized for desalinating seawater, 

generating electricity, and water treatment [4]. 

For optimal performance, solar-driven steam 

generation systems must efficiently convert solar 

radiation into thermal energy, ensure a suitable 

water transport rate, and effectively remove salts 

during STS process [5, 6]. In solar-driven steam 

generation systems, the key component is the 

photothermal materials [7-10]. Number of 

materials, such as metal nanoparticles [11], 

semiconductors [12], and carbon nanomaterials 

[13], have been investigated for use as 

photothermal materials. Additionally, various 

porous materials, such as aerogels [14] and foam 

membranes [15], have been developed as 

carriers for photothermal materials to enhance 

evaporation efficiency. Among photothermal 

materials, carbon-based materials have shown 

outstanding properties, including broad solar 

absorption, high photothermal conversion 

efficiency, and relative durability and stability 

under environmental conditions such as low 

temperatures and high humidity... [16]. Research 

on fabrication of light-absorbing membrane 

derived from waste sludge applied in STS 

systems has attracted attention due to their 

potential for efficient water purification [17]. 

Dang Linh et al. (2023) have focused on 

designing and applying these light-absorbing 

membranes on solar-driven evaporators [17]. By 

utilizing readily available and low-cost waste 

sludge materials, these light-absorbing films 

provide a sustainable and cost-effective solution 

for producing potable water from various 

sources, including seawater and polluted water. 

This method is particularly significant in areas 

facing freshwater scarcity, such as island regions 

or areas with contaminated water sources. 
The study by Dang Linh et al. (2023), 

demonstrated the feasibility and significant 

potential of using sludge from urban wastewater 

treatment plants in the fabrication of light-

absorbing membranes for solar-driven steam 

generation [17]. However, the fabricated 

membranes exhibited several limitations, 

including the presence of cracks and a relatively 

low water evaporation rate, which reached only 

1.88 kg.m-2.h-1 at best. In response to these 

challenges, our study has optimized the 

membrane fabrication process by employing 

natural drying under ambient conditions to 

reduce energy consumption and enhance 

performance. As a result, the water evaporation 

rate increased to 2.65 kg.m-2.h-1 Additionally, we 

tested the membrane's application in recovering 

fresh water from seawater. 

2. Methods   

2.1. Fabrication of Light-absorbing Membranes 

from Wastewater Sludge 

Table 1. Membranes 

Material mass 

(g) 

Vacuum 

drying [15] 
Natural drying 

0 SK_0.00 TN_0.00 

0.05 SK_0.05 TN_0.05 

0.06 SK_0.06 TN_0.06 

0.07 SK_0.07 TN_0.07 

0.08 SK_0.08 TN_0.08 

0.09 SK_0.09 TN_0.09 

0.1 SK_0.1 TN_0.1 

 

The light-absorbing membranes (as 

specifically presented in Table 1) were produced 

following the treatment process outlined in 

Figure 1. Specifically, sludge was collected at 

the Kim Lien domestic wastewater treatment 

station, then dried and calcined at 500 °C for 2 h 

to obtain carbon material. The carbon material 

was then milled under dry conditions for 3 h, 

followed by ultrasonic vibration for 30 min. 
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Following vacuum filtration, the resulting 

membranes were naturally dried under ambient 

conditions, rather than employing the vacuum 

drying process used in our previous study [17]. 

Different carbon material masses (Table 1) will be 

investigated to obtain the optimum membrane.  

 

Figure 1. Membrane fabrication process. 

2.2. Characterization of Membranes 

After synthesis, the membranes were 

analyzed for their morphological characteristics 

using scanning electron microscopy (SEM). This 

investigation was carried out at the Key 

Laboratory of Advanced Materials for Green 

Growth at VNU University of Science, Hanoi 

(KLAMAG). 

2.3. Evaporation Rate Evaluation 

The evaporator is designed as in Figure 2, 

based on the research by Dang Linh et al. (2023) 

[17]. Sunlight simulator is 94023A SOLAR SIM 

S/N 547 – NEWPORT and this experiment was 

conducted in the renewable energy conversion 

and storage laboratory at Phenikaa University. 

The evaporation rate is calculated according 

to formula (1) as follows:  

        v = 
𝑊 𝑙𝑜𝑠𝑠

𝐴.𝑡
    (1) 

With: 

v: evaporation speed of water (kg.m-2.h-1); 

Wloss:  Amount of water lost during steam 

generation (kg); 

A: area of the illuminated part (m2); 

t: Evaporation time (h). 

 

Figure 2. Structure of solar-driven steam generation systems and sunlight simulation system [18]. 

2.4. Water Harvesting Methods 

The evaporator was placed inside a spherical 

plastic cap on a round glass dish containing the 

harvested water [18]. The experiment used a 

sunlight simulator system as the light source for 

the water evaporator under conditions of 25 °C 

room temperature, 65% humidity, and 0.6 
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kW/m² irradiation (0.6 Sun). Actual seawater 

was used as the input water for the water 

harvesting experiment.  

2.5. Surface Temperature Investugation 

The temperature of the TN_0.1 light-

absorbing membrane surface  and reference 

membrane (without cacbon material) under 

illuminated conditions was investigated using a 

TESTO 875i infrared thermography camera.  

2.6. Water Quality Assessment 

In this study, water samples before and after 

harvesting were analyzed using ICP-OES (iCap 

PRO X DUO) at the Environmental Research 

Laboratory, Faculty of Environment, and ion 

chromatography at the Analytical Chemistry 

Laboratory, Department of Chemistry, 

University of Natural Sciences. 

3. Results and Discussion 

3.1. Results of Fabricating Membranes  

In the previous study, carbon materials were 

successfully fabricated with key characteristics, 

including a high carbon content (50.66%), a 

specific surface area of 63.74 

m2/g, and the presence of numerous surface 

functional groups (O-H, C-C, C=C, C-O), 

making them suitable for use as light-absorbing 

materials in water evaporators [17]. However, 

when using vacuum drying for the fabrication of 

light-absorbing films, the highest recorded water 

evaporation rate was only 1.88 kg.m².h⁻¹. To 

address this, the current study replaces the 

vacuum drying process with natural drying to 

reduce the energy consumption during film 

fabrication. The newly fabricated films will be 

applied in water evaporators to assess their 

evaporation rates and evaluate their potential for 

producing fresh water from seawater. 

 

Figure 3. SEM image of naturally dried membranes. 

The light-absorbing carbon membrane was 

successfully fabricated following the process 

presented in Figure 1. Surface morphology 

analysis of the membrane under different 

fabrication conditions is shown in Figure 3, 

which will compare with our previous results in 

[17]. SEM results indicate a relatively even 

dispersion of carbon materials on the cellulose 

membrane. However, the vacuum-dried 

membrane shows more material accumulation 
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and cracks compared to the naturally dried 

sample. Carbon material is introduced to 

cellulose by physical bonds. It can be seen from 

Figure 3 and Figure 4, the material particles are 

attached to the cellulose fibers and evenly 

distributed throughout the entire cellulose 

membrane. Therefore, the evaporation 

efficiency of the vacuum-dried sample is 

predicted to be lower than that of the naturally 

dried sample. 

 

Figure 4. SEM image of TN_0.1 membrane. 

3.2. Water Harvesting Ability of Solar-driven 

Steam Generation Systems  

3.2.1. Evaporation Rate of the Membranes  

 

Figure 5. Evaporation mass changing by the time.  

The evaporation mass of water over time is 

presented in Figure 5. It is evident that under 

illumination (from 600 s to 1800 s), the 

evaporation mass of the STS generators with 

BHNT material membranes is significantly 

higher than that of the control sample 

(membrane without carbon material). This can 

be attributed to the carbon material's ability to 

absorb solar energy, convert it into heat, raise the 

temperature of the evaporation membrane, and 

thereby enhance the water evaporation process 

of the device. 

The water evaporation rates of water 

evaporators using different light-absorbing 

membranes under “light-on” and “light-off” 

(dark) conditions are shown in Figure 6 and 

Table 2. The results demonstrate that, under 

illuminated conditions, the water evaporation 

rate of water evaporators using light-absorbing 

membranes manufactured under natural drying 

conditions is significantly higher compared to 

when not illuminated. The evaporation rates of 

all solar-driven steam generation systems with 

different light-absorbing membranes are 

summarized and shown in Figure 6. The water 

evaporator using TN_0.1 membrane has the 

highest evaporation rate, reaching 1.23 kg.m-2.h-1 

under light-off conditions and 2.65 kg.m-2.h-1 

under light-on conditions.  Meanwhile, the 

highest evaporation rate recorded for the 

vacuum-dried samples was 1.14 kg.m-2.h-1 under 

light-off conditions and   1.88 kg.m-2.h-1 under 

light-on conditions [14]. Evaporators using 

light-absorbing membranes manufactured under 

natural drying and vacuum drying conditions 

have higher evaporation rates compared to blank 

samples (membranes without carbon materials), 

which have an evaporation rate of only 0.92 

kg.m-2.h-1 under light-on conditions. This result 

illustrates that incorporating carbon materials 

into light-absorbing membranes and optimizing 

the manufacturing process can enhance the water 

harvesting productivity of STS systems. Table 3 

shows that the light-absorbing membrane 

fabricated from sewage sludge has high potential 

for application in solar water evaporation 

systems with relatively high water evaporation 

rates compared to other studies (under 

illumination conditions of less than 1 Sun).
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Table 2. Evaporation rate data for naturally dried samples 

Naturally dried samples (g) TN_0.05 TN_0.06 TN_0.07 TN_0.08 TN_0.09 TN_0.1 

N
at

u
ra

ll
y

 d
ri

ed
 

sa
m

p
le

s 

light-off 0.8 1.09 1.12 0.44 0.51 1.23 

light-on 2.38 2.46 2.6 1.0 2.14 2.65 

 

Figure 6. Comparison of water evaporation rates from evaporators.  

Table 3. Comparison of Water Evaporation Rates in Solar Water Evaporation Systems with Different Light-

Absorbing Materials 

STT Material Illumination Intensity Evaporation Rate Ref 

1 F-Wood/CNT 1 Sun/36, 28 oC 0.95 kg.m-2.h-1 [18] 

2 Enteromorpha prolifera <1 Sun 1.1−1.3 kg.m-2.h-1 [19] 

3 
Carbonized carbon dots-modified 

starch aerogel 
≤1 Sun 2.29 kg.m-2.h-1 [20] 

4 Carbon material from Reeds 1 Sun 2.42 kg.m-2.h-1 [21] 

5 

Sludge from domestic wastewater 

treatment plants (Vacuum Drying 

Process) 

0,6 Sun, 25 oC, 65% 

humidity 
1.88 kg.m-2.h-1 [17] 

6 

Sludge from domestic wastewater 

treatment plants (Natural Drying 

Process 

0,6 Sun, 25 oC, 65% 

humidity 
2.65 kg.m-2.h-1 This study 

3.2.2. Temperature of Evaporation Membranes 

To assess the role of carbon material 

membranes in solar-driven water evaporation 

systems, the surface temperature of the light-

absorbing membrane was examined under 

illumination conditions, as shown in Figure 7. 

The highest temperature recorded for the 

membrane containing carbon material was  

36.5 oC  which is higher than the temperature of 

the control membrane (34 oC). This indicates that 
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the carbon material plays a role in absorbing 

solar radiation and converting it into heat, thereby 

increasing the surface temperature and enhancing 

the water evaporation rate of the system. 

 

Figure 7. Surface temperature of light absorption membrane (a) with and (b) without cacbon material 

 in light-on condition. 

3.2.3. Quality Evaluation of Harvested Water  

The results from the analysis of anion of 

input water samples and harvested water 

samples using an ion chromatograph are 

presented in Table 3. The results demonstrated 

excellent treatment efficiency for Cl−, NO3
− and 

SO4
  2−, achieving 99.5%, 99.98%, and 99.44%, 

respectively. All parameters meet QCVN 01-

1:2018/BYT standards and are suitable for 

domestic use. These findings highlight the 

effectiveness of the water evaporator using light-

absorbing membranes fabricated under natural 

drying conditions in converting seawater into 

fresh water. 

Table 3. Results of anion analysis in seawater and harvested water 

Parameters (mg/l) 𝐶𝑙− 𝑁𝑂3
− 𝑆𝑂4

  2− F- 

Input samples 17,470 2,986 2,357.5 0 

Harvested samples 86.54 0.5 13.29 0.37 

QCVN 01-1:2018/BYT 350 2 250 1.5 
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The results of cation of input water samples 

and harvested water samples using ICP-MS 

measurement are shown in Table 4. The 

concentrations of common metals (Na+, K+, 

Ca2+, Mg2+ and heavy metals (in the harvested 

water samples meet the criteria of National 

Technical Regulation QCVN 01-1:2018/BYT on 

the domestic water quality. Especially, the 

treatment efficiency for 𝑁𝑎+, 𝐾+, 𝐶𝑎2+, 

𝑀𝑔2+achieving 99.87%, 85.2%, 94.34%, and 

97.15% respectively. The findings confirm that 

heavy metal component in membrane did not 

affect harvested water quality. 

Table 4. Results of canion analysis in seawater and harvested water 

Specification/standards Input samples Harvested samples QCVN 01-1:2018/BYT 

𝑁𝑎+ (ppm) 18,660 23.65 200 

𝐶𝑎2+ (ppm) 391.10 22.11 - 

𝐾+ (ppm) 424.54 62.79 - 

𝑀𝑔2+ (ppm) 651.9 18.58 - 

As (ppm) N/D N/D 0.01 

Cd (ppm) N/D N/D 0.003 

Pb (ppm) N/D N/D 0.01 

Cr (ppm) N/D N/D 0.05 

Cu (ppm N/D N/D 1 

Sb (ppm) 0.008 N/D 0.02 

Zn (ppm 0.193 0.023 2 

Mn (ppm) 0.006 N/D 0.1 

Ni (ppm) 0.001 N/D 0.07 

Fe (ppm) 0.773 N/D 0.3 

N/D (Not Detected) 

4. Conclusion  

The process of manufacturing light-

absorbing membranes from the sludge of a 

domestic wastewater treatment plant was 

optimized. Naturally dried membranes showed 

that the carbon material is evenly distributed on 

the cellulose membrane, reducing material 

accumulation and cracks compared to vacuum-

dried membranes. The STS system using the 

TN_0.1 light-absorbing membrane achieved the 

highest evaporation rate of 2.65 kg.m-2.h-1 under 

0.6 W irradiation conditions. Optimizing the 

manufacturing process not only reduces energy 

consumption but also enhances the evaporation 

rate of the device. The cation and anion levels in 

the harvested water samples all meet the QCVN 

01-1:2018/BYT standards. The treatment 

efficiencies for 𝐶𝑙−, 𝑁𝑂3
− and 𝑆𝑂4

  2− were 

99.5%, 99.98%, and 99.44%, respectively. 
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