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 ABSTRACT  

New Generation Solar Crystallizer towards Sustainable Brine 

Treatment with Zero-Liquid-Discharge and Resource Extraction 

Chenlin Zhang 

Proper disposal of industrial brine has been a critical environmental challenge. Driven by 

the even-tightening environment protection regulations, the Zero-Liquid-Discharge (ZLD) 

has gradually become mandatory option for brine disposal, but its application is limited by 

the intensive energy consumption. The recent development of solar crystallizer provides a 

new strategy to achieve ZLD brine disposal. However, the research on solar crystallizer, 

employing photothermal material to convert solar energy to heat for interfacial brine 

evaporation and crystallization, is still at the early stage. This dissertation thoroughly 

investigated the solar crystallizer-based ZLD technology in a broad scientific and 

application context. The scaling formation while treating real brine, which has been the 

major barrier to the application of solar crystallizer, was confirmed first with a solar 

crystallizer device. With a rational designed anti-scaling mechanism, the scaling-free 

crystallization behavior and stable high water evaporation rate of 2.42 kg m-2 h-1 was 

achieved when treating real seawater brine. After verifying the feasibility of solar 

crystallizer towards real brine treatment, its performance was further improved by 

integrating convective airflow, which provided considerable environmental energy for 

water evaporation. Both experiment results and COMSOL simulation results confirmed 

that the maximum environmental energy harvesting can be achieved with the proper size 

of solar crystallizer. At last, this dissertation pioneered a novel concept of integrating 
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adsorption process into solar crystallizer for simultaneously ZLD brine treatment and 

potassium extraction. Owing to the special ion concentration behavior of solar crystallizer, 

the adsorption capacity and selectivity coefficient of absorbent was enhanced by 19.5% 

and 48.8%, respectively, comparing with traditional bulk adsorption. This dissertation 

potentially unlocks a new generation of ZLD technology with low carbon footprint and 

source recovery. More research efforts will be inspired on its applications in real scenarios.  
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1. Introduction 

1.1 Global rise of Zero-Liquid-Discharge (ZLD) for brine treatment 

Freshwater is one of the most important resources in our time, as it is essential for 

sustaining life. Though around 71% of the Earth’s surface is covered by water and the 

volume of all water preserved on, in, and above the Earth is as high as 1,386,000,000 cubic 

kilometers, freshwater accounts for only 2.5%1,2. Moreover, two-thirds of the freshwater is 

preserved as ice phase which is inaccessible for human activities. Thus, only 0.76% of the 

total water on Earth is available and accessible as a freshwater resource for human 

activities3. Despite the scarcity of water, the continued population growth worldwide 

significantly increases the demands for clean water. In 2018, around 2.3 billion people 

lived in water-stressed countries and this number is estimated to increase to 4.8-5.7 billion 

by 20504. To ensure the food security for the fast growing population, agriculture is one of 

the most intensive users for water resources5-8. In addition, freshwater is also at the center 

of industrialization and modernization of developing countries. Therefore, the challenge of 

providing adequate freshwater has become one of the most critical global issues9. 

In order to meet the increasing water demand, nearly twenty thousand desalination plants 

with a total installed capacity of over 85 million tons per day have been implemented 

worldwide during the past few decades10,11. The desalination process provides freshwater 

for various uses; however, a huge amount of brine is produced as byproduct. As the 

mainstream existing desalination technology, a typical seawater reverse osmosis (SWRO) 

system has a water recovery of 50 %, produces the same volume of brine as freshwater. 

Besides desalination, other modern industries (e.g., mining, petrochemical, food, textile, 

and power generation)12-16 also produce concentrated brine byproducts, with the volumes 
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ranging from hundreds of liters to thousands of cubic meters per day depending on the type 

and scale of the industrial sectors. Currently, most of brine, especially brine produced in 

seawater desalination plants, are directly discharged into adjacent open water bodies, e.g., 

rivers, lakes, near shore seawater, and the rest is injected underground in deep wells or 

treated in evaporation ponds17-20. These conventional methods have been proven to have 

detrimental effects on aquatic ecosystems and land vegetation systems, resulting in further 

reduction of precious freshwater resources21-24. 

In response to freshwater scarcity and the environmental risk of brine disposal, the concept 

of Zero-Liquid-Discharge (ZLD) has been proposed21,22,25. As an ambitious wastewater 

management strategy, ZLD aims to separate all of the water from brine as recovered 

freshwater and only leave solid salts as byproducts. The implementation of ZLD not only 

maximizes the water usage efficiency, but also eliminates the environmental risk of 

pollution caused by brine disposal. In recent years, ZLD has received global attention due 

to the greater awareness of the challenges in water scarcity and brine disposal. Driven by 

the stringent environmental protection regulations, increasing expenses for brine disposal, 

and rising price of freshwater, ZLD has gradually become a necessary option for brine 

management26-28. Thus, the ZLD has spread rapidly around the world, with an annual 

global market of at least $ 100-200 million21,29. 

1.2 Conventional ZLD systems 

1.2.1 Early thermal-based ZLD systems 

A typical ZLD process is composed of two core elements - a concentration system and a 

crystallization system. The early ZLD systems typically employ a series of stand-alone 

thermal processes (Figure 1-1A) to realize brine concentration and crystallization. In such 
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systems, the brine is pretreated to reduce the potential for scaling and then sent to a brine 

concentrator followed by brine crystallizer (or evaporation pond). The water vapor 

generated in concentration and crystallization processes is collected as clean water, 

whereas the byproduct salts are further processed for solid disposal or resource recovery. 

 

Figure 1-1. Schematic illustration of ZLD systems21. (A) Early thermal-based ZLD 

systems, which contains a serious of stand-alone thermal processes; and (B) a reverse 

osmosis (RO)-incorporated ZLD system. The incorporation of RO can significantly reduce 

the volume of brine entering the brine concentration section, thereby reducing the entire 

energy consumption.  

The brine concentration system commonly employs mechanical vapor compression (MVC) 

for brine evaporation and concentration. The MVC brine concentrator can concentrate 

brine to a salinity of 250,000 mg L-1, with water recovery as high as 90-98%, and produce 

high-quality clean water (total dissolved solids < 10 mg L-1)24,30. Due to the presence of 

water phase transition, the energy consumption of a MVC brine concentrator typically 

ranges from 20 to 39 kWh electricity per cubic meter of feed brine22,30,31. Meanwhile, the 

use of expensive stainless steel and titanium, to prevent corrosion caused by the boiling 

brine, significantly increases the capital costs of MVC brine concentrators24,32. 
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The current brine crystallization system is mainly achieved either by brine crystallizers or 

by evaporation ponds. The conventional brine crystallizer can use vapor compressors or 

steam to provide the thermal energy for brine evaporation24. Specially, the steam-driven 

crystallizer is more economical for small system in which the flow rate is less than 23 L 

min-1. The vapor compressor-driven brine crystallizer usually works under pressure, 

thereby preventing the brine boiling and thus forming scaling inside the crystallizer32. 

Similar to brine concentrator, the presence of the water phase transition results in energy 

consumption of the crystallizer as high as 52-66 kWh electricity per cubic meter treated 

brine22,30. This is nearly three times of the energy consumption of a brine concentrator, due 

to the much higher salinity and viscosity of the feed brine in a crystallizer.  

As a competitive alternative option for brine crystallizer, evaporation ponds have a 

relatively low operation cost because they only utilize solar energy for brine evaporation. 

However, the relatively low energy intensity of natural sunlight restricts the capacity, 

making evaporation ponds only suitable for treating small volumes of brine at the location 

with inexpensive land acquisition cost33-35. The storage of solid salt in evaporation ponds 

also brings the potential environmental risk of hazardous waste leakage30,36. Thus, the 

widespread application of evaporation ponds is hindered in the real world. In addition, 

evaporation ponds cannot further recover clean water from highly concentrated brine, 

thereby made no contribution to the water recovery rate of ZLD systems. 

1.2.2 Emerging membrane-based ZLD systems 

In order to reduce the high energy consumption of the early thermal-based ZLD system, 

various emerging membrane-based technologies, including reverse osmosis (RO), 
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electrodialysis (ED), forward osmosis (FO), and membrane distillation (MD), have been 

incorporated into ZLD systems.  

RO, a pressure-driven desalination technology, has been widely applied in ZLD systems 

to reduce the volume of brine entering the brine concentration section. When separating 

freshwater from saline water, the RO does not involve the phase transition, thereby 

exhibiting excellent energy efficiency. The energy consumption of RO for brackish 

desalination is as low as 1.5-2.5 kWh/m3 of product water and for seawater desalination is 

as low as 2-6 kWh/m3 of product water, which is significantly lower than that of MVC-

based brine concentrators37,38. As a result, the adoption of RO for pre-concentrating feed 

brine prior to the thermal processes (Figure 1-1B) can save a plenty of energy. For example, 

it was reported that incorporating a RO module can save 58-75% of the energy compared 

with an early thermal-based ZLD system when treating brine from an inland desalination 

plant39,40. 

However, a brine concentrator remains necessary due to the limited salinity range that can 

be treated by RO (upper concentration ~75,000 mg L-1)41. To further reduce the energy 

consumption of ZLD, emerging membrane-based technologies (ED, FO, and MD) are 

employed as the alternative to brine concentrator. Their advantages and typical energy 

consumption are summarized in Table 1-1. Though FO and MD consume thermal energy, 

membranes are still the core separation components rather than thermal processes. 
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Figure 1-2. Schematic illustration of ZLD systems based on emerging membrane-based 

technologies21. ZLD systems incorporated with (A) ED/EDR; (B) FO; and (C) MD process.  

The ED consumes electricity to create an electric field, which drives dissolved ions to pass 

through ion exchange membranes42,43. As shown in Figure 1-2A, the directional movement 

of cations and anions is hindered by alternately arranged anion-exchange membranes 

(orange) and cation-exchange (green) membranes, thereby generating the dilute and 

concentrated brine. As a derivative of ED, electrodialysis reversal (EDR) frequently 

reverses the electrode polarity in order to minimize fouling and scaling. The ED/EDR can 

concentrate feed brine to a salinity of over 100,000 mg L-1 with the energy consumption of 

7-15 kWh per cubic meter feed brine25,44-46, which is much lower than that of a MVC-based 

brine concentrator. 

FO utilizes the osmotic pressure difference between the concentrated draw solution and 

feed brine to drive water permeation through a semipermeable membrane 47. In FO, the 

produced brine is sent to a crystallization system, whereas the diluted draw solution is 

regenerated by separating out the desalinated water (Figure 1-2B). Ammonia-carbon 
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dioxide (NH3/CO2) solution with a very high osmotic pressure is well developed as the 

thermolytic draw solutions for FO in ZLD system31,48,49. With the NH3/CO2 thermolytic 

draw solution, the brine can be concentrated to above 220,000 mg L-1. A pilot study 

indicated that 21 kWh electricity is required to treat every cubic meter feed brine with a 

salinity of 73000 mg L-1, in which the average water recovery was 64%31. 

MD is a thermal-driven membrane-based desalination process (Figure 1-2C). MD employs 

a hydrophobic, microporous membrane to separate the feed brine and permeate side15,50. 

After heating the feed brine, the temperature difference between the two sides of membrane 

creates a partial vapor pressure difference, which drives the water vapor to permeate the 

membrane. The water vapor can be condensed as product water. In practical use, the energy 

consumption of MD was estimated to be 80-240 MJ (equals to 22-67 kWh thermal energy) 

per cubic meter product water50,51. To date, MD is still immature for large-scale 

applications and only a few pilot-scale MD-incorporated systems have been reported. 

Though great efforts have been made to improve the concentration system, the energy 

consumption of whole ZLD system is still relatively high, which is the main barrier towards 

its implementation. 

Table 1-1. Advantages and energy consumption of technologies for the concentration 

section of ZLD21.  

Technology Advantages Energy Consumption 

RO 

Technical maturity 

Energy efficient 

1.5-2.5 kWhe m-3 of product 

water from brackish water37  
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2-6 kWhe m
-3 of product water 

from seawater37,38 

ED 

High salinity limit (> 100000 mg 

L-1) 

Low fouling propensity 

Modular 

 7−15 kWhe m-3 of feed brine    

(>15000 mg L-1)52-55 

FO (with 

NH3/CO2 

thermolytic draw 

solution) 

High salinity limit (> 200000 

ppm) 

Utilization of low-grade heat 

Low fouling propensity 

Modular 

21 kWhe m-3 of feed brine 

(73000 mg L-1, with water 

recovery of 64% on average)31 

MD 

High salinity limit (> 200000 

ppm) 

Utilization of low-grade heat 

Low fouling propensity 

40−45 kWht m-3 of product 

water50 

22−67 kWht m-3 of product 

water56 

* kWhe represents kWh electricity energy, kWht represents kWh thermal energy. 

1.3 Solar crystallizer for brine treatment with ZLD 

The high-energy consumption of ZLD results in significant emission of greenhouse gases 

(GHG). Assuming 939 g of CO2 per kWh electricity generated by bituminous coal57, the 

brine crystallizer alone will typically produce 48.8-62.0 kg of CO2 (corresponding to 52-

66 kWh) per cubic meter treated feed brine. Therefore, next-generation ZLD technology 

that utilizes renewable energy (e.g., geothermal energy and solar energy) is desired in the 

long run towards achieving the carbon natural world. 
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As one of the most attractive sources of renewable energy on Earth, solar energy is 

abundant and accessible over most of the world (Figure 1-3)58-60. The solar energy received 

by the Earth within 1 hour is estimated to be higher than the annual energy consumption 

of the entire world60,61. Thereby, development of next-generation ZLD system powered by 

solar energy holds great promise for sustainable brine disposal in terms of energy 

consumption. 

 

Figure 1-3. Global mapping of annual solar radiation62. 

1.3.1 Solar-driven interfacial water evaporation (SIWE) process 

The essence of ZLD system is to keep removing water from brine until all of the liquid 

waste is eliminated. Recently, the solar-driven interfacial water evaporation (SIWE) 

process has gained popularity as an environmentally friendly way to produce water vapor 

from various source waters63-83. As shown in Figure 1-4, the sunlight is firstly captured by 

photothermal materials, which floating on the source water, and then converted to thermal 
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energy. The light generated heat is restricted in the thin layer of hydrophilic photothermal 

materials, which drives the evaporation of interfacial water. With such a solar-driven 

interfacial water evaporation scheme, the solar energy (Psun) is the only energy source and 

the solar energy is ultimately split into five parts: (1) the energy consumed by interfacial 

water evaporation (Peva); (2) the energy loss caused by reflection of photothermal material 

(Prf); (3) the energy loss caused by thermal radiation of the evaporation interface (Prd); (4) 

the convective heat loss to the overlying ambience (Pcv); and (5) the energy loss caused by 

heat conduction towards the underlying bulk source water (Pcd)
84.  

 

Figure 1-4. Schematic illustration of the solar-driven interfacial water evaporation process 

and the corresponding energy balance84. *This case is with open ambience. 

To capture more solar energy, photothermal materials with high light absorptance have 

been developed. The widely investigated photothermal materials include carbon-based 

materials (i.e., carbon black, graphene/graphene oxide/reduced graphene oxide, carbon 

nanotubes, etc.)58,63,68,73,85-91, semiconductors (i.e., Ti2O3 nanoparticles, hydrogenated 
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black titania, Fe3O4, bimetal oxides, etc.)75,92-96, and plasmonic nanoparticles (i.e., gold, 

aluminum, sliver, germanium, etc.)82,97-101. These photothermal materials have high light 

absorption across the full solar spectrum (0.3-2.5 μm) and thus exhibit high light-to-heat 

conversion efficiencies. 

To further improve the water evaporation performance of SIWE, more research efforts 

have been placed on its structure design. To minimize the heat loss caused by heat 

conduction towards the underlying bulk source water, the photothermal layer and the 

source water are separated by a thermal insulator and then connected by the 1-dimension 

(1D) or 2-dimension (2D) porous channel using the capillary effect83,86,92. With the 1D 

water channel configuration, the heat loss caused by heat conduction towards the 

underlying bulk source water can be nearly eliminated. The 3-dimensional (3D) 

photothermal structures were also designed to reduce the convective heat loss to 

ambience63,71,72,90,102-106. With rationally designed 3D structure, the temperature of the 

evaporation interface can be even lower than ambience. This temperature difference 

reverses the direction of convective heat loss and forces energy to flow from ambience to 

the evaporation interface, leading the evaporation rate well above that assuming 100% 

solar-to-vapor conversion efficiency.  

As a matter of fact, the presence of convective airflow can accelerate water evaporation 

due to the aerodynamic resistance for heat and vapor transport is decreased107,108. Wind-

aided intensified evaporation had been conceived and implemented for reduction of the 

desalination brine volume in evaporation pond as early as 2003109. Recently, with the 

natural convective airflow, the solar evaporator made by 3D inter-connected porous carbon 

foam can achieve an outdoor evaporation rate of 42.0 kg m-2 for 13 continuous hours106. 
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With ambient air as the forced convective airflow, a solar‐driven membrane distillation 

device made by the hydrogel‐based ultrathin membrane can achieve a higher freshwater 

yield of 2.4 kg m-2 h-1 under one sun (1 kW m-2)110. However, the feasibility of coupling 

the convective airflow with SIWE still remains challenging, as the amount of available 

environmental energy contained in convective airflow is unclear, and its scalability needs 

further investigation. 

1.3.2 The prototype of the solar crystallizer 

During the investigation of various SIWE structures, the phenomenon of salt precipitation 

on the photothermal material was considered troublesome because it affects light 

absorption of the photothermal material67,111,112. Meanwhile, the salt accumulation on the 

photothermal material also provides an opportunity to achieve ZLD desalination. Such kind 

of special SIWE device can be called as solar crystallizer. As shown in Figure 1-5A, the 

solar crystallizer consists of a photothermal material, a thermal insulator and a brine 

reservoir. The photothermal material is placed on top of the brine reservoir by positioning 

it on a thermal insulator layer. Water is wicked from the bulk brine to the photothermal 

material by capillary action through a hydrophilic porous sheet. When sunlight illuminates 

the photothermal material directly from the above, solar energy is absorbed and converted 

into heat, driving water evaporation. 

In 2016, Mi et al. demonstrated the first solar crystallizer for ZLD desalination68. When 

15 wt% pure sodium chloride (NaCl) aqueous brine was used as source water, a thick layer 

of accumulated NaCl crystals formed on top of their 2D graphene oxide (GO) membrane. 

The white salt layer significantly decreased light absorption of the device, and led to a 

considerable reduction in the evaporation rate. However, a stable water evaporation rate of 
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0.5 kg m−2 h−1 was still recorded, indicating the salt precipitation did not block the 

evaporation. To control the salt precipitation area, the salt concentration distribution inside 

the solar crystallizer was well investigated. In 2018, Shi et al. folded the 2D disk into a 3D 

cup structured solar crystallizer with the salt precipitation area present only in its wall part 

(Figure 1-5B), in which the salt only precipitated on the side wall of the cup69. This design 

enabled unimpeded sunlight absorption and in turn achieved a much higher and long-term 

stable water evaporation rate (e.g., 1.26 kg m−2 h−1) even for near-saturated brine (25 wt% 

NaCl brine). Compared with the relatively low evaporation performance of traditional 

evaporation ponds (less than 5.6 kg m-2 d-1, estimated by the evaporation rate of the Red 

Sea113), the solar crystallizer exhibits the special advantage of rapid water-salt separation. 

Therefore, even though the research related to solar crystallizer still at the early stage, the 

solar crystallizer provides a new strategy for feasible and sustainable brine treatment with 

ZLD, as a promising alternative to the current ZLD system. 

 

Figure 1-5. Schematic illustration of a solar crystallizer device. (A) The structure of the 

solar crystallizer; (B) design concept of the 3D cup structured solar crystallizer (the yellow 

zones represent the salt precipitation areas)69. 
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1.4 Extraction of valuable minerals from brine 

Despite the fact that the energy consumption of ZLD can be solved by solar crystallizer, 

the solid salt produced by the ZLD system brings new environmental concerns. If the solid 

salts are stored in evaporation ponds, their odors, potentially negative impact on wildlife 

and risk of leakage raise the concerns30. Besides, disposal of solid salt in landfills may also 

lead to chemical leaching into groundwater36. One possible strategy to eliminate these 

concerns is selective recovery of valuable constituents from brine, which can turn solid 

salts from waste into resources and provide an additional economic incentive for ZLD114,115. 

As the typical high-volume brine, both seawater and seawater desalination brine has long 

been viewed as an inexhaustible source of valuable constituents116-121. In recent decades, 

the global demand for these minerals in industry, agriculture, medicine, and environmental 

remediation has continued to increase. Their major uses and chemical compounds are 

summarized in Table 1-2. The economic feasibility of extracting these minerals mainly 

depends on their concentration in seawater or seawater desalination brine and the 

corresponding market prices. As shown in Figure 1-6, the economic feasibility rises with 

the concentration of the minerals, as well as their market prices. From this aspect, sodium, 

calcium, magnesium, potassium, lithium, strontium, bromine, and uranium are potentially 

economically feasible for mining from seawater. 

Table 1-2. Major application scenarios of economic feasible minerals in seawater/seawater 

desalination brine17,118,122.  

Mineral (Existing form) Major Scenarios 
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Na (NaCl, Na2CO3, Na2SO4) Food, road de-icing, glass, textiles, soap, paper industries, 

detergent 

Mg (Mg, MgSO4, MgCO3) Aluminum alloy, chemical and construction industries, fertilizer 

Ca (CaCO3, CaSO4) Soil amendment, construction industries, fertilizer 

K (KCl, K2SO4) Fertilizer 

Br Fire retardant, well-drilling fluids, agriculture, petroleum 

additives, glass products, fire retardants, soap and detergents 

B Glass products, fire retardants, soap and detergents, fertilizer 

Sr Ceramics, glass and pyrotechnics products, ceramic ferrite 

magnets, fluorescent lights, phosphorescent pigments, petroleum 

industry as drilling mud 

Li Batteries, lubricants and greases, glass products, pharmaceutical 

products 

Rb Fiber optics, night vision devices, lamps, laser technology 

U Nuclear fuel for power generation 
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Figure 1-6. Screening of the concentration of minerals and corresponding market price123. 

The concentration of minerals were taken from Anthoni124. The market prices of minerals 

were taken from 2015 USGS mineral commodity summaries125. Specifically, the price of 

uranium (U) was taken from Sodaye et al126.  

Among these minerals, special attention has been paid to potassium because potassium 

compounds are important to ensure food security, which is another essential issue for 

sustaining the life of humanity. To feed the growing population, the worldwide potash 

(potassium-based fertilizer) consumption increased annually by 2.6% from 2014 to 2018, 

and as high as 7.8% in Africa127-129. Most of the potash is produced by deep-well solution 

mining or conventional shaft mining. Only a small percentage of potassium compounds is 

extracted from seawater as a byproduct during solar salt works114. Theoretical calculations 

suggest that production of glaserite (K3Na(SO4)2) is feasible through 

evaporation/crystallization of desalination brine after removing NaCl130. Given the fact that 

potassium has a total reserve of 500 trillion tons in seawater, approximately 30000 times 

higher than the land reserve, researchers have started to pay more attention to extraction of 
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potassium from seawater or seawater desalination brine130-132. The absorption/desorption 

process provides an alternative method to evaporation followed by crystallization 

process114,133-143. With the special absorbents with high capacity and selectivity for 

potassium, the potassium compound can be extracted from source brine. The performance 

of several absorbents, including clinoptilolite, modified clinoptilolite, magnetic P zeolite 

and zeolite W, are summarized in Table 1-3. During this process, the absorbent selectively 

adsorbs the potassium inside seawater/seawater desalination brines, then releases 

potassium with high purity during the desorption process and regenerates the absorbent. 

The reported advantages of this process include the low cost of the absorbent (e.g., 

clinoptilolite as a chlorine free potash, US$ 70-200 per ton70), the simplicity of the 

absorption/desorption operation, and effectiveness of potash production. Therefore, the 

absorption/desorption process is a promising method for potassium recovery from brine. 

Table 1-3. The performance of several absorbents. 

Absorbent Capacity (mg g-1) Raw solution Ref 

Self-made molecular sieve 55.10 seawater 
144 

Modified clinoptilolite 20.5 simulated seawater 145 

Merlinoite 58.7 seawater 146 

Modified clinoptilolite 36.3 seawater 134 

Ocean manganese nodules 22.1 seawater brine 147 

K-phillipsite 51 seawater 137 

Modified MFI zeolites 
56.7 (ZSM-5) 

48.7 (silicalite-1) 
seawater 148 

Zeolite W 54.9 seawater 138 

P zeolites 15.32 simulated seawater 140 
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1.5 Aims and scope of this dissertation 

The presence of solar crystallizer provides an unprecedented strategy for brine treatment 

with ZLD. Compared with conventional ZLD systems, solar crystallizers use sunlight as 

the energy source and do not need high pressure or vacuum operations, nor movable 

components, making the solar crystallizer more sustainable and cost-effective. Given the 

fact that research on the applicability of solar crystallizers in a high-salinity environment 

emphasizing brine treatment with ZLD is still in the primary stage, the objective of this 

dissertation is to focus on developing the next-generation solar crystallizer. The aims of 

this dissertation are to: (1) investigate the feasibility of solar crystallizers for real brine 

treatment with ZLD and solve the potential scaling issue, (2) further improve the 

performance of solar crystallizers, and (3) endow solar crystallizers with selective 

adsorption ability. 

1.5.1 Investigation of the feasibility of solar crystallizer for real brine treatment with 

ZLD and solving the potential scaling issue 

In all of the previous examples, the solar crystallizers were only tested using pure NaCl 

solution. However, compared to pure NaCl solution, real brines, such as seawater 

desalination brine, always contain considerable amounts of calcium and magnesium, which 

will cause the formation of scaling149. Predictably, once the scaling forms inside the solar 

crystallizer, the water channel inside the porous photothermal materials will be blocked 

and result in a reduction in the evaporation rate. Therefore, it is necessary to take the 

influence of scaling formation under consideration while employing a solar crystallizer to 

treat real seawater brines, although the solar crystallizer shows excellent performance in 

treating pure NaCl brines.  
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In Chapter 2 of this dissertation, a new 3D solar crystallizer device operated in dead-end 

type solar-driven water removal mode was rationally designed. This device has a high 

water removal performance (1.61 kg m−2 h−1) under one sun illumination when treating 

pure NaCl brine with a concentration of 24 wt%. The result confirmed that the formation 

of scaling during the direct treatment of concentrated real SWRO brine can result in a quick 

decline followed by a close-to-zero water evaporation rate. Comparison of the 

crystallization behavior of pure NaCl brine and real SWRO brine revealed that the scaling, 

which clogged water transport channels and then caused performance degradation, was 

formed by magnesium species. Here, the salt crystallization inhibitor, nitrilotriacetic acid 

(NTA), was introduced into the real SWRO brine to modulate salt crystallization behaviors 

on the outer surface of the solar crystallizer, and successfully eliminated the scaling 

formation during the treatment of concentrated real SWRO brine. The application of the 

solar crystallizer coupled with the salt crystallization inhibitor was demonstrated for 

treating highly concentrated SWRO brine (21.6 wt%) for 288 h and showed a very high 

and stable water evaporation rate of 2.42 kg m−2 h−1. 

1.5.2 Further improvement of the performance of solar crystallizer 

The performance of solar crystallizer is always a significant concern for practical 

application. Without additional energy resource, the performance of a solar crystallizer is 

limited by the low temporal and areal energy density of sunlight, which is typically only 4 

- 7 kW m-2 per day150. As mentioned previously, the integration of convective airflow can 

significantly enhance the evaporation performance of the SIWE process. However, the 

feasibility, scalability, and the influence of essential parameters (i.e., velocity of airflow, 

ambient temperature, and humidity) of this integration remain unclear, which should be 
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further investigated for practical applications, especially when employing a forced 

convective airflow which consumes electricity or fossil fuel. 

In Chapter 3, the solar crystallizer with convective airflow was demonstrated to quantify 

the environmental energy provided by convective airflow and investigate the principle of 

environmental energy harvesting behavior. When extending the size of solar crystallizer 

along the direction of convective airflow, both the experimental results and theoretical 

model calculations confirmed that the amount of environmental energy provided by 

convective airflow has a maximum, depending on the ambient temperature and relative 

humidity. Inside the solar crystallizer, the differential environmental energy harvesting rate 

gradually decreases to zero over its length until the amount of cumulative environmental 

energy reaches a maximum. After achieving the maximum environmental energy, further 

increasing the length of solar crystallizer does not bring any more environmental energy as 

the temperature of evaporation interface is even higher than that of convective airflow. 

Meanwhile, the ambience with higher temperature and lower relative humidity can provide 

more environmental energy and enhance the performance of solar crystallizers.  

1.5.3 Endowing solar crystallizer with selective adsorption ability 

The salt crystals produced by solar crystallizer are mixture due to the complex composition 

of source brine. In Chapter 4, a selective adsorption solar crystallizer was demonstrated for 

simultaneous ZLD desalination and potassium extraction. The design of the selective 

adsorption solar crystallizer is based on the solar crystallizer presented in Chapter 2, in 

which the evaporation layer and photothermal layer are physically separated. To endow the 

solar crystallizer with adsorption ability, the functional evaporation layer was prepared by 

loading the synthetic zeolite on non-woven fabric. This functional evaporation layer allows 
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selective adsorption solar crystallizer to selectively extract potassium from the brine while 

evaporating. As a proof-of-concept, the performance of the selective adsorption solar 

crystallizer device was evaluated using the seawater desalination brine. Under one sun 

illumination, the device exhibited a stable high evaporation rate of 1.8 kg m-2 h-1, potassium 

adsorption capacity of 51.8 mg g-1, and selectivity coefficient of 18.3. The adsorption 

capacity and selectivity coefficient were enhanced by 19.5% and 48.8%, respectively, 

compared with traditional bulk adsorption. The results of this work provide a new option 

for ZLD desalination with simultaneous potassium extraction and will also inspire more 

research efforts on its applications in real scenarios. 
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2. Solar Crystallizer with Anti-scaling Property for Real Brine Treatment 

with ZLD 

2.1 Introduction 

With ever tightening environmental regulations and increasing public environmental awareness, 

the concept of Zero-Liquid-Discharge (ZLD), as an ambitious target for brine treatment, has 

received renewed attentions recently since it aims to eliminate all waste liquid and produce solid 

salts as the only byproduct1-3. A typical ZLD process is composed of a concentration system, which 

concentrates the original source brine to near saturation, and a crystallization system that 

completely removes all residual water from the brine to produce solid salts2. In the past decades, 

the concentration system has been significantly improved by various technologies, including 

reverse osmosis (RO), electrodialysis, membrane distillation, and mechanical vapor compression 

concentrator, etc. However, the improvement in the crystallization system is very sluggish because 

all membrane based desalination technologies cannot work with near-saturation brines due to salt 

scaling and fouling1,2. The current brine crystallization is mainly achieved either by brine 

crystallizers or by evaporation ponds4. The extremely high energy consumption (>50 kWh m-3) 

and capital cost of conventional brine crystallizers4-6 and the restricted capacity of evaporation 

pond7,8 hinder their application. Therefore, the crystallization system has been the bottleneck of 

the ZLD brine treatment, but it receives very little attention mainly because of the lack of new 

strategies. 

Photothermal material assisted solar-driven interfacial water evaporation (SIWE) is gaining 

popularity as an environmental friendly way to produce water vapor from various source water. 

Salt precipitation on the photothermal material during operation provides an opportunity to achieve 

ZLD by a SIWE device, which can be called solar crystallizer. In 2016, Mi et al.9 demonstrated 
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the first solar crystallizer for ZLD desalination. When treating 15 wt% pure NaCl aqueous brine, 

though a thick layer of accumulated NaCl crystals formed on top of the two dimensional (2D) 

graphene oxide (GO) membrane and a stable water evaporation rate of 0.5 kg m-2 h-1 was still 

recorded by the solar crystallizer. In 2018, a three dimensional (3D) cup-shaped solar evaporator10 

which separated the light adsorption surface from the salt precipitation surface was reported. This 

design enabled an unimpeded sunlight absorption and in turn a much higher and long-term stable 

water evaporation rate (e.g., 1.26 kg m-2 h-1) even at a near saturated brine (25 wt% NaCl brine). 

Thus, using advanced solar crystallizer can be a new strategy to treat highly concentrated waste 

brines, as a promising alternative to the current crystallization methods. 

In this chapter, a new 3D solar crystallizer device operated with dead-end type solar driven water 

removal mode was designed, in which water evaporation surface and light absorption surface are 

physically separated by an aluminum sheet with high thermal conductivity. Its bottom and inner 

wall act as the sunlight absorbing component with a high light absorptance of 0.99, while its outer 

wall surface serves as the water evaporation surface and consequently salt crystallization surface. 

The high thermal conductivity of the aluminum separator benefits effectively conducting the heat 

generated at the bottom of the device to its wall for water evaporation. All these features result in 

an extremely high solar-to-vapor performance of the device. This device produced high water 

removal performance (1.61 kg m-2 h-1) under one sun illumination when treating pure NaCl brine 

with 24 wt% concentration. However, when directly treating concentrated real seawater brines, a 

quick decline followed by a close to zero water evaporation rate was recorded by the same solar 

crystallizer. Comparing the crystallization behavior of pure NaCl brine and real seawater reverse 

osmosis (SWRO) brine, it was found that the scaling formed by magnesium species, which has not 

received enough attention in current researches in this field, clogged water transport channels and 
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then caused performance degradation. Here, the salt crystallization inhibitor, nitrilotriacetic acid 

(NTA), was introduced into the same real seawater source brines to modulate salt crystallization 

behaviors on the outer surface of the solar crystallizer, successfully, resulting in dense scaling crust 

layer-free salt crystallization while treating real brine. The application of the solar crystallizer 

coupled with small amount (only 8.4 wt‰ of the salt) of salt crystallization inhibitor was 

demonstrated for treating highly concentrated SWRO brine (21.6 wt%) for 288 hours and showed 

a very high and stable water evaporation rate of 2.42 kg m-2 h-1. It is believed that this simple but 

promising new strategy provides a sustainable solution for small to medium-sized industrial brine 

treatment with ZLD where both solar irradiation and access to land are available. 

2.2 Experimental section 

2.2.1 Chemicals 

Quartz glass fibrous filter membrane was purchased from Merck Millipore Ltd. (Catalogue 

Number AQFA8X105). Spectrally selective solar absorber, consisting of a cermet (ETA plus) 

coated on an aluminum sheet, was purchased from Alanod Solar. Aluminum tape was purchased 

from TED PELLA, INC. Sodium chloride was analytical reagents and purchased from Sigma-

Aldrich. Nitrilotriacetic acid (NTA) was provided by Shandong Deshunyuan Petroleum Sci & 

Tech Co. Ltd. All chemicals were used as received without further purification. All aqueous brines 

were prepared using deionized water with a resistivity of 18.2 MΩ cm prepared by Millipore 

system. 

2.2.2 Characterizations 

The surface morphology of the membranes and morphology of salt crystals were investigated by 

field-emission scanning electron microscopy (SEM, Zeiss Merlin). The powder X-ray diffraction 

patterns were recorded on a Bruker D8 Discover diffractometer using Cu Kα radiation (λ=1.5418 
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Å) as X-ray source. The specific surface area was determined by a Micromeritics-TriStar II system, 

calculated using the Brunauer-Emmett-Teller method. The porosity of the salt crystal aggregates 

and QGF membrane samples was measured by Mercury Porosimeter (AutoPore IV, 

Micromeritics). The UV-Vis-NIR diffuse reflectance, transmittance and absorption spectra of the 

samples were recorded with a Perkin Elmer Lambda 950 spectrophotometer. All salt crystal 

sample was dried in a vacuum oven at 20 kPa and 313.15 K for 4 hours before characterization. 

2.2.3 Preparation of real seawater brine samples 

The raw seawater desalination brine (collected from RO plant inside King Abdullah University of 

Science and Technology in May 2018) was concentrated in a blast oven in 358.15 K and then 

filtrated by 0.45 μm PTFE filter. The seawater (collected from Red Sea near Thuwal, Saudi Arabia 

at January 2018) was concentrated using the same procedure. The detailed water quality of two 

real seawater brine samples was shown in Table 2-1. During the concentration process of RO waste 

brine, there were some white precipitates formed, which was removed by filtration. The XRD 

pattern of the precipitates (Figure 2-1) indicates that their main compositions were calcium sulfate 

dehydrate (CaSO4·2H2O), which have a poor solubility in water. The salt concentration was 21.6 

wt% for the concentrated SWRO brine and 16.8 wt% for the concentrated seawater. 

Table 2-1. The ion composition of brine samples. 

Ion composition (g/L) Concentrated SWRO brine Concentrated seawater 

Na+ 63.8 57.0 

K+ 2.8 0.8 

Ca2+ 0.8 1.02 

Mg2+ 8.6 3.0 

Cl- 128.9 88.9 

SO4
2- 10.9 12.3 
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Figure 2-1. The XRD pattern of the precipitates collected during the concentration of SWRO brine 

(21.6 wt%). 

2.2.4 Solar evaporation and crystallization experiments 

A lab-scale setup was built to evaluate the solar evaporation and crystallization performance of the 

solar crystallizer. A solar simulator (Oriel solar simulator) was used to provide solar radiation with 

a constant intensity of 1000 W m-2. A mass balance (ME204E, Mettler Toledo) was used to record 

the water mass change. The temperature distribution was monitored by an IR camera (A600-series, 

FLIR). The evaporation rates of the solar crystallizer with different heights when treating pure 

water were measured under one sun illumination for 3 hours. The evaporation rates of the solar 

crystallizer when treating various brine sources under one sun illumination were recorded. When 

treating concentrated SWRO brine, there was no manual salt removal from the solar crystallizer 

unless otherwise specified. All lab measurements were conducted at an ambient temperature of 

21-22˚C with humidity of ~60%.  
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2.3 Results and discussion 

2.3.1 Structure and design of the 3D solar crystallizer 

 

Figure 2-2. Schematic illustration of solar crystallization device. (A) A scheme of the solar 

crystallizer; (B) schematic of cross section view of the solar crystallizer. 

Figure 2-2A presents a schematic diagram of the 3D solar crystallizer with an open box structure 

with one bottom closed. The bottom and wall of the crystallizer are bi-layered in configuration. 

The inner layer is a commercially available spectrally selective solar absorber (Alanod®) 

homogeneously coated on an aluminum sheet and serves as photothermal component. The outer 

layer of the solar crystallizer is a porous and hydrophilic quartz glass fibrous filter membrane 

(QGF membrane, Merck®). The outer QGF membrane, when wet, is directly stuck onto the 

backside of the aluminum sheet via capillary force without any glue. It wicks brine from the source 

brine reservoir and allows the brine to spread over the entire outer surface during operation. The 

inner layer of the 3D crystallizer acts as the light absorbing surface while the outer QGF membrane 

serves as water transportation and evaporation surface. The aluminum sheet completely separates 

the two active surfaces and has a desirably high thermal conductivity (~ 200 W m-1 K-1), which is 

beneficial for the heat conduction. The solar crystallizer is directly placed on top of an expanded 
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polystyrene foam with a low thermal conductivity (K = 0.03 W m-1 K-1) to minimize the heat loss 

to the bulk brine11. The source brine is transported from the reservoir to the solar crystallizer by a 

one-dimensional (1D) QGF strip in the middle of the device via capillary action12. 

When sunlight is illuminated onto the crystallizer directly from the above, it is absorbed by the 

photothermal coating at the bottom of the device to generate heat. As illustrated in Figure 2-2B, 

the generated heat is then effectively conducted to the wall part owing to the high thermal 

conductivity of the aluminum sheet and thereafter drives the water evaporation and the ultimately 

precipitation of salts exclusively on the outer wall of the crystallizer. By design, this 3D solar 

crystallizer completely physically separates its light absorbing surface and water evaporation and 

thus salt precipitation surface, which solves the drawback of precipitating salt crystals affecting 

light absorption otherwise inherent in 2D devices and allows for two surfaces to be independently 

optimized.  

Considering the size and shape of the output beam of the available solar simulator (Newport 

94021A), the designed 3D solar crystallizer was fabricated to have a tetragonal cup-shaped 

structure with the bottom side length of 31 mm. The inner surface of the wall is capable of 

recycling the diffuse reflection light from the bottom and thus strengthens the light absorption of 

the device12,13. In this work, the solar absorptance of the solar crystallizer with different heights 

can be determined using the following equation:  

α = 
∫ 𝐼(𝜆)𝐴(𝜆)𝑑𝜆

2500

280

∫ 𝐼(𝜆)𝑑𝜆
2500

280

 

where I(λ) and A(λ) are the light intensity function of the solar spectrum and the absorption function 

of each sample at different wavelength (λ). The transmittance was assumed to be zero, which 
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agreed with the actual situation of the devices. Light intensity function of the solar spectrum and 

the UV-vis-NIR spectra of each solar crystallizers were shown in Figure 2-3A. The solar 

absorptance of 3D crystallizers with a wall height of 30, 50, and 85 mm were calculated as 0.96, 

0.98, and 0.99, respectively, which compares favorably against 0.94 of a flat photothermal 2D 

sheet with the same composition.  

2.3.2 Solar-driven water evaporation performance of pure water 

 

Figure 2-3. Evaporation performance of solar crystallizer. (A) The absorption spectra of the 3D 

solar crystallizers with different wall heights across 250-2500 nm, and standard AM 1.5G solar 

spectrum; (B) the scheme of the labmade setup for solar evaporation performance measurement 

(①Solar simulator, ②computer, ③electrical balance, ④solar crystallizer); (C) the mass change 

curves of pure water and 24 wt% NaCl by the solar crystallizer under one sun illumination; (D) 

the outer surface temperature profile along the wall height of the 3D solar crystallizer in wet state 

under one sun illumination.  
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The solar-driven water evaporation performance was evaluated by using a labmade setup under 

one-sun illumination as illustrated in Figure 2-3B. The weight change of the device was recorded 

real time (Figure 2-3C) which was then used to calculate water evaporation rate. The apparent 

evaporation efficiency (η) is calculated via the following formula12-14: 

𝜂 = �̇� × (𝐿𝑣 + 𝑄)/𝑃𝑠𝑜𝑙𝑎𝑟 

where �̇� is the apparent water evaporation rate, Lv and Q are the latent heat and sensible heat of 

water evaporation process, and Psolar is the power intensity of the simulated sunlight, which is 1 

kW m-2 in the experiment. 

When these crystallizers were exposed under one-sun illumination, the apparent evaporation rate 

of pure water 2.09 kg m-2 h-1 for 85 mm height. The net water evaporation rate was 1.43 kg m-2 h-

1 in this case, calculated as the difference between the water evaporation rate recorded under 

simulated sunlight and that recorded in dark. The latent heat Lv depends on the temperature (Ti) of 

the interface where the evaporation occurs, which can be calculated by an empirical formula: Lv(Ti) 

= 1.91846×106[Ti/(Ti-33.91)]2 according the literature15. The sensible heat Q can be calculated by 

the equation: Q = c (Ti – Ts), where c is specific heat of water, 4.2 ×103 J kg-1 K-1 and Ts is the 

temperature of the source water, which is 21.0°C in this case. The average temperature of the 

water/air interface was used as Ti in this case. Therefore, under one sun illumination, the solar 

crystallizer with height of 85 mm exhibited an apparent solar evaporation efficiency of 138.5% 

and a net solar evaporation efficiency of 94.3%. 

The efficient utilization of solar energy can be attributed to that the wall of the cup structure can 

efficiently recover the energy loss from the bottom light absorbing surface as discussed in 

literature12. The high apparent efficiency can be explained by that the device can gain additional 
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heat from the surroundings because the majority of the solar crystallizer is cooler than its 

surroundings even under sunlight (Figure 2-3D)13,16-18. These results demonstrate that this 3D solar 

crystallizer produces a state-of-the-art performance in solar-driven water evaporation.  

When the height of the solar crystallizer was further increased to 115 mm and 145 mm, the 

corresponding evaporation rates under one sun illumination increased to 2.39 kg m-2 h-1 and 2.70 

kg m-2 h-1, respectively. Here, a COMSOL model was established to gain insight into the 

relationship between the performance and height of the solar crystallizer. In the model, the 

evaporation is regulated by both heat and mass transfer balance. From an energy perspective, the 

vapor flux can be expressed as the following:  

�̇�𝐿𝑣 = 𝑃𝑖𝑛 + 𝑄𝑐𝑜𝑣 + 𝑄𝑟𝑎𝑑 

where �̇� represents the vapor flux normalized by illumination area, 𝑳𝒗 is the enthalpy of water 

vaporization, 𝑷𝒊𝒏  represents the solar energy input, and 𝑸𝒄𝒐𝒏  and 𝑸𝒓𝒂𝒅  represent the energy 

exchange via air convection and radiation, respectively. The 𝑸𝒄𝒐𝒏 can be calculated by the heat 

transfer equation: 

𝑄𝑐𝑜𝑛 = 𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ ∇ ∙ (−𝑘∇𝑇) + 𝜌𝐶𝑝u ∙ ∇𝑇 

where 𝝆 is the density of air, 𝑪𝒑 is the specific heat capacity of air, 𝑻 is the temperature of air, t is 

the time, 𝒌 is the thermal conductivity of air, and 𝐮 represents the velocity field of air caused by 

natural convection. In natural convection, the temperature difference produces the air density 

variation that drives the buoyant flow. Here, the term (
𝝏𝑻

𝝏𝒕
) is zero as only a steady state is studied. 

The 𝑸𝒓𝒂𝒅 follows the Stefan-Boltzmann law: 

𝑄𝑟𝑎𝑑 = 𝐴𝜀𝜎(𝑇𝑎𝑚𝑏
4 − 𝑇𝑠

4) 

where 𝑨 is the radiating surface area, 𝜺 is the Stefan-Boltzmann constant and 𝝈 is the emissivity 

of the radiating surface, 𝑻𝒂𝒎𝒃  is the ambient temperature and 𝑻𝒔  is the radiating surface 

temperature. 
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According to thermodynamics, the vapor is generated at the water-air interface, and then transports 

into ambient environment under the gradient of vapor concentration. Therefore, the evaporation 

process is modelled as following: 

𝜕𝐶𝑣

𝜕𝑡
+ ∇ ∙ (−𝐷∇𝐶𝑣) + u ∙ ∇𝐶𝑣 =

𝐺

𝑀𝑣
 

where 𝑴𝒗  is the molecule weight of water, 𝑪𝒗  is the vapor concentration, 𝑫  is the diffusion 

coefficient of water vapor in air and 𝑮 is the source term.   

In the above governing equation, there are two contributing factors to vapor transport, vapor 

concentration gradient (diffusion,𝛁 ∙ (−𝑫𝛁𝑪𝒗)) and air flow (mixing,𝐮 ∙ 𝛁𝑪𝒗). On the water-air 

interface, the vapor concentration is assumed as saturated concentration 𝑪𝒔𝒂𝒕, determined by the 

saturated vapor pressure 𝒑𝒔𝒂𝒕 under its surface temperature T: 

𝐶𝑣𝑎𝑡 =
𝑝𝑠𝑎𝑡

𝑅𝑔𝑇
 

In the simulation, the solar crystallizer is simplified as a 2D configuration (Figure 2-4A). By using 

the symmetric model, only half of the crystallizer is simulated. The ambient environment has the 

temperature of 22 ℃ and relative humidity of 60%. The solar irradiation is 1000 W m-2, and is 

fully absorbed as heat input. The evaporation surface is set as wetted surface having saturated 

vapor concentration, and correspondingly the boundary heat source is chosen as latent heat source. 

By performing the coupled heat and mass transfer simulations, the temperature, velocity and vapor 

concentration profile for the whole calculation domain can be directly obtained. 
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Figure 2-4. The COMSOL model of solar crystallizer and corresponding modeling results. (A) 

The configuration of COMSOL model; (B) the evaporation rate and corresponding average surface 

temperature of solar crystallizers with different heights predicated by COMSOL model; (C) the 

evaporation rate and corresponding average surface temperature of solar crystallizers with 

different heights measured by experiments. 

The modeling results (Figure 2-4B) reveal that, once the solar crystallizer’s height is over a certain 

value, the average temperature of the evaporation surface of the crystallizer is lower than the 

ambience, which forces environmental thermal energy flowing into the solar crystallizer. It is 

further shown that the evaporation rate well above the theoretical limit of a full solar-energy 

utilization is achieved therein and it increases almost linearly with the height of the solar 

crystallizer, which is in a good agreement with the experimental results measured in lab (Figure 2-

4C). However, it is advised that the trade-off between the performance and material cost of the 
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system should be carefully balanced in the practical applications. In this work, the wall height of 

the crystallizers was fixed at 85 mm thereafter. 

2.3.3 Solar crystallization of pure NaCl brines  

 

Figure 2-5. Solar crystallization behavior of brines. (A) The evaporation rate (ER) of 24 wt% 

NaCl brine and real seawater brines in the 24-hour operation; photos of the solar crystallizers after 

the 24-hour operation using (B) 24 wt% NaCl brine and (C) concentrated RO waste brine; SEM 

images of the inner side of QGF membrane after operating with (D) 24 wt% NaCl brine and (E) 

concentrated real RO waste brine; (F) the IR images of the solar crystallizer while treating 

concentrated RO waste brine. Note: in Figure 2-5C, an optional transparent polycarbonate shield 

with a height of 30 mm was added to the solar crystallizer in order to prevent salt crystal from 

creeping into the inner side of the crystallizer. 

When the 3D solar crystallizer was operated with a 24 wt% pure NaCl brine, a stable high 

evaporation rate of 1.61 kg m-2 h-1 was recorded (Figure 2-3C), which stayed steady for at least 24 

hours (Figure 2-5A). This small decreases (~ 23 %) in the evaporation rate of the NaCl brines 

relative to pure water is ascribed to the decrease in saturation vapor pressure due to the colligative 

property of brine, directly pointing to the clear advantage of thermal-based versus membrane-
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based process in treating highly concentrated brines.38 After 24 hours, significant amount of salt 

crystals precipitated on the entire outer wall surface, forming a thick crust layer (Figure 2-5B). The 

crust layer was composed of rough NaCl crystal balls with diameters in the range of 1.8 - 8.3 mm 

and the NaCl crystal balls were loosely packed together with plentiful void space among them. As 

a matter of fact, the crust layer of NaCl crystal balls could be removed by a stainless steel scraper.   

The SEM image of the inner side, the side that directly contacted the aluminum sheet, of the QGF 

membrane after 24 hour operation with 24 wt% NaCl brine is presented in Figure 2-5D. It clearly 

shows that the inner side of the QGF membrane was quite clean with negligible salt crystals 

observed. The clean inner side and the thick salt crust layer on the outer surface can be explained 

as follows.  

In the 3D crystallizer, heat is conducted from the aluminum sheet surface to the inner side first and 

then further to the outer surface of the QGF membrane. In addition, water evaporation is 

endothermic and an interfacial process, which takes place only at the outer surface of the QGF 

membrane. As a result, the outer surface of the QGF membrane possesses a lower temperature and 

higher salt concentration than the inner side of the same membrane, leading to a selective 

precipitation of NaCl salt crystals only on the outer surface10. The competitive advantage of the 

outer surface in salt precipitation keeps the inner side of the membrane free of salt crystals (Figure 

2-5D) and maintains the water channel inside the QGF membrane unobstructed.   

The stable solar energy input, highly porous structure of the salt crust layer and the unobstructed 

water channels inside the QGF membrane all contribute to the stable water evaporation rate of the 

3D solar crystallizer for treating even very highly concentrated NaCl brines. In conventional 2D 

solar crystallizers, owing to the coincidence of their light absorption and salt precipitation surfaces, 

they can only produce a small water evaporation rate in treating NaCl brines (e.g., 0.5 kg m-2 h-1 
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for 15 wt% NaCl brine), because the light absorption is significantly affected by the salt crust layer 

formed on their surfaces.37 However, the evaporation rate, although small, can stay stable due to 

the highly porous NaCl salt crust layer that permits water transport, with which the results of this 

work agree well. 

It is worth noting the 3D solar crystallizer in this work exhibited a significantly higher water 

evaporation rate (i.e., 1.61 kg m-2 h-1 even for 24 wt% NaCl brine) than the 3D solar device reported 

by Shi et al.38 with similar 3D cup-shaped structure (i.e., 1.26 kg m-2 h-1 for 25 wt% NaCl brine). 

The higher heat conductivity of the 3D crystallizer in this work may be the major reason. In these 

two 3D structures, the light directly hits only on the bottom part of the devices and is in-situ 

converted to heat via photothermal effect. The low thermal conductivity of the device reported by 

Shi et al. makes its bottom part having a much higher temperature than the wall part, which 

increases the heat loss via thermal radiation. As a proof, this 3D crystallizer showed a relatively 

uniform temperature distribution under solar radiation (Figure 2-6). The uniform temperature 

profile across the wall in this device leads to its better performance.   

 

Figure 2-6. The IR image of a solar crystallizer after 24-hour operation when treating pure 24 wt% 

NaCl brine (unit:  ⃘C). 
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2.3.4 Solar crystallization of real seawater brines 

The concentrated seawater with total salt concentration of 16.8 and concentrated SWRO brine with 

total salt concentration of 21.6 wt% were prepared from concentrating Red Sea seawater and waste 

brine from a seawater RO desalination plant, respectively. Beside sodium and chlorine, the other 

major ions in the real brines include magnesium, calcium, and sulfate (Table 2-1).  

Under otherwise the same operation conditions, the 3D solar crystallizer exhibited a relatively 

stable water evaporation rates during the first 4 hours: 1.49 and 1.65 kg m-2 h-1 for the concentrated 

seawater and concentrated SWRO brine, respectively (Figure 2-5A). The result that the 

concentrated SWRO brine with a higher salt concentration (i.e., 21.6 wt%) showed a slightly 

higher water evaporation rate than the concentrated seawater (i.e., 16.8 wt%) is a surprise, which 

presumably is caused by their different compositions (Table 2-1).  

However, after the first 4 hours, a significant reduction in the water evaporation rates was observed 

for both real brines. The evaporation rates quickly plummeted to near 0.1 kg m-2 h-1 by the end of 

20 hours (Figure 2-5A). Due to the almost zero water evaporation, it is considered that the 3D solar 

crystallizer had failed at that point. This evaporation rate decay behavior observed for both real 

seawater brines stands as a sharp contrast against the very stable evaporation behavior of the pure 

NaCl brines by the same 3D solar crystallizer, which is unexpected and has never been reported in 

the literature for advanced solar crystallizers.  

After 24-hour operation with the concentrated SWRO brine, the outer wall surface of the 3D 

crystallizer in this work was covered with a dense and glass-like salts layer (Figure 2-5C). The 

EDS analysis of the dense layer solids (Figure 2-7A) shows that they contained sodium, chlorine, 

magnesium, calcium and sulfur elements. On the XRD pattern (Figure 2-7B) of the wet salt crust 

layer, highly crystalized NaCl with rock salt phase structure and MgSO4•7H2O with orthorhombic 
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epsomite phase were clearly observed. After drying at 40˚C, the MgSO4•7H2O phase was 

converted to MgSO4•6H2O according to the XRD pattern (Figure 2-7C). No CaSO4•2H2O or 

CaSO4.0.5H2O could be found in the XRD pattern, which may be due to the small amount of 

CaSO4. The SEM image unexpectedly disclosed that the inner side of the QGF membrane was 

completely filled with the solid salts after 24-hour operation with the real concentrated SWRO 

brines (Figure 2-5E). The porosity of QGF membrane (measured by mercury intrusion porosimetry) 

decreased from 68.20 % to 1.00 % after the formation of salt scaling. The clogged pores are unable 

to transport from the source brine to the evaporation surface.  

 

Figure 2-7. The characterization of the salt scaling. (A) The EDS analysis of the salt crust layer 

formed from the concentrated SWRO brine (21.6 wt%); the XRD pattern of (B) the wet salt crust 

layer and (C) the dry salt crust layer after 24-hour operation with the concentrated SWRO brine 

(21.6 wt%). 

Moreover, as the evaporation rate was decaying with time, the temperature of the crystallizer 

gradually increased (Figure 2-5F) as a way of releasing extra heat into the environment so to reach 

a new equilibrium with the stable and unaffected solar influx. The temperature of the crystallizer 

was as high as 32.8˚C, even higher than the dry solar crystallizer under one sun illumination 

(29.5˚C). 
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The salt scaling leads to an almost complete loss of water evaporation capability by this 3D solar 

crystallizer for real brines. Therefore, until this problem is solved, the solar crystallizer would not 

perform to treat real seawater brines, although it shows an excellent performance in treating pure 

NaCl brines.  

2.3.5 Effect of salt crystallization inhibitor 

 

Figure 2-8. Solar evaporation behavior of real seawater brine in the presence of NTA. (A) The 

water evaporation rate of the solar crystallizer using concentrated SWRO brine with 8.4‰ NTA; 

(B) photo image of the solar crystallizer and accumulated salt after 24-hour operation; (C) photo 

image of the solar crystallizer after removing accumulated salt after 24-hour operation; SEM 

images of (D) QGF membrane after 24-hour operation and (E) the salt crystals collected from the 

outer surface; (F) photo image of the solar crystallizer and self-defoliated salt after 48-hour 

operation (the red dotted frame represents the position of removed solar crystallizer); (G) the water 
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evaporation rate of the solar crystallizer during the 288-hour operation (each point on the curve 

was the average evaporation rate of 24 hours). 

Salt crystallization inhibitors are known to have the capability of effectively controlling the 

morphology of precipitating salts even at a very small amount. In this work, NTA, a widely used 

salt crystallization inhibitor, was adopted due to its effectiveness and biodegradability19,20.  

In using it, 8.4‰ NTA was added into the concentrated SWRO brine to investigate its effect (8.4‰ 

being the weight of NTA equal to 8.4‰ of that of the total salts in the brine). With the NTA in the 

brine, the average water evaporation rate of the concentrated SWRO brine by the 3D solar 

crystallizer in the first 24 hours was lifted to 2.08 kg m-2 h-1, 22% higher than the water evaporation 

rate of 21.6 wt% pure NaCl brine (1.71 kg m-2 h-1). The water evaporation rate stayed stable and 

even gradually and slightly increased during operation (Figure 2-8A). The highest surface 

temperature of the 3D crystallizer was 28.4˚C under solar radiation, which was 4.4˚C lower than 

the case without NTA (Figure 2-5F). The lower surface temperature is an indicator of the higher 

water evaporation performance of the crystallizer in the presence of NTA.  

After 24-hour operation, a layer of wet and fluffy salt crust layer was formed on the outer wall of 

the device with NTA in the concentrated SWRO brine (Figure 2-8B), which is quite different from 

the dense glass-like salt crust layer formed in the absence of NTA. The presence of the 

accumulated salts did not decrease evaporation performance. On the contrary, the fluffy salt curst 

layer extended the actual water evaporation area, which could explain the increase in water 

evaporation rate after adding NTA. The salt layer could be easily removed from the wall surface 

by a plastic spatula (Figure 2-8C) or by a mild shock impact. SEM observation results show that 

the salt precipitation did not plug the pores of the QGF membrane in this case (Figure 2-8D).  
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After the salt crust layer was directly removed by a plastic spatula without any water washing 

treatment, the 3D solar crystallizer was able to deliver a similar evaporation performance in the 

second 24-hour test cycle (Figure 2-8A), indicating that the 3D solar crystallizer can be easily 

regenerated and reused without noticeable change in real brine treatment performance. It was 

noticed that, when the solar light was turned off during the operation, the evaporation rate dropped 

to around 0.3 kg m-2 h-1 (Figure 2-8A). However, the surface salt layer did not show any noticeable 

change even after the solar crystallizer was kept in dark for 12 hours, indicating the re-dissolution 

of the salt crystals was insignificant. In this case, the salt re-dissolution was slowed down by the 

water evaporation in darkness, which limited the salt ions back diffusion from the evaporation 

substrate to the source brine. Upon turning on the light, the evaporation rate was recovered to the 

same level as the previous. Thus, the 3D solar crystallizer can operate continuously during day and 

night without special care while treating the concentrated SWRO brine, and the solid salts can be 

regularly removed from the device.  

During the first 24-hour operation, there were some small salt crystal grains cleared off the solar 

crystallizer’s wall by their own gravity (Figure 2-8B). To further investigate salt defoliation 

behaviors during an un-interrupted operation of the solar crystallizer, another 48-hour continuous 

experiment was conducted. As shown in Figure 2-8F, a significant amount of the salt crystals fell 

off from the solar crystallizer’s wall by the end of the 48-hour operation. For a better presentation, 

the solar crystallizer was then carefully taken out without significant shaking. The salt in the tray 

(right part of Figure 2-8F) showed the self-defoliated salt produced during the operation. 

To confirm the long-term operational stability, the solar crystallizer was continuously illuminated 

by the simulated sunlight (1 kW m-2) for 288 hours in lab conditions to treat concentrated SWRO 

brine with NTA. There was no manual salt removal from the solar crystallizer and only the self-
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defoliated salt crystals were periodically collected during the operation. During the whole testing 

period, the performance of the solar crystallizer was largely stable and an average evaporation rate 

of 2.42 kg m-2 h-1 was achieved (Figure 2-8G). After 288-hour operation, the porosity of the QGF 

membrane was measured as 52.14%, only slightly lower than the raw QGF (68.20 %). Both the 

stable performance and porosity measurement indicate that by adding NTA in the source brine, 

this solar crystallizer is able to deliver a long-term stable operation for highly concentrated SWRO 

brine without any manual removal of the salt from the solar crystallizer.  

2.3.6 The anti-scaling mechanism 

As mentioned above, the water evaporation performances of the same solar crystallizer is totally 

different when it is used to treat pure NaCl brines and real seawater brines. In the former case, the 

water evaporation keeps stable for a long period of time, while it drops quickly in the latter case, 

which is ascribed to the huge difference in salt crust structures in the two cases. The dense salt 

crust surface layer along with the salt crystals filling inside the QGF membrane in the case of the 

concentrated SWRO brine leads to the failure of the 3D crystallizer during the long term operations.   

 

Figure 2-9. Schematic illustration of accumulated salt crystals. The salt layer when using solar 

crystallizer to treat (A) pure NaCl brine; (B) concentrated SWRO brine and (C) concentrated 

SWRO brine with NTA. 
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In order to ascertain the mechanism of forming the dense salt crust layers and inner pore filling 

crystals in the case of the real seawater brines, the crystallization behaviors of pure NaCl brine and 

concentrated SWRO brine were investigated and compared. The crystals formed by evaporating 

20 wt% pure NaCl brine were individual and well separated cubic crystals. For pure NaCl brine, 

as water is being removed from the evaporation surface, the temperature is lowered and the salt 

concentration is increased on the surface, which makes the salt crystals tend to precipitate on the 

outer surface and therefore it keeps the water channel inside the QGF membrane unblocked. Thus, 

the NaCl salt crust tends to growth along the out-of-plane direction to gradually increase its 

thickness and to maintain its porosity relatively consistent. The porosity of the salt crust formed 

by pure NaCl brine (20 wt%) is 19.3% based on mercury intrusion porosimetry measurement. As 

illustrated in Figure 2-9A, the loosely packed pure NaCl salt crust layer permits liquid water and 

water vapor transport, which explains the stable water evaporation performance with pure NaCl 

brine. 
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Figure 2-10. The morphology of the crystals from concentrated RO brine and the corresponding 

ion distribution. (A) SEM image of the crystals after completely drying concentrated RO waste 

brine directly on wafer and the corresponding EDS maps of (B) metal elements; (C) magnesium; 

(D) chloride; (E) sulfur and (F) oxygen. 

For the salt crystal aggregation formed from concentrated SWRO brine, the SEM images show 

mixed crystal phases, with cubic crystals dominating and the gap space between the cubes being 

filled with some wax-like substances (Figure 2-10A). According to the elemental distribution maps 

by EDS analysis, the cubic crystals are mainly NaCl (Figure 2-10B and D) with calcium sulfate 

crystals sparsely decorated on the NaCl cubic crystal surfaces as small islands (Figure 2-10B, E 

and F). Very importantly, magnesium is identified in the wax-like substances among the cubic 

NaCl crystals, suggesting magnesium species should be responsible for forming the dense salts 

crust layer by sealing the gaps among the NaCl crystals. Based on the calculation, the volume of 

MgSO4•7H2O crystals can be 18.8% the total solid after a full evaporation of the concentrated 

SWRO brine. This result implies the MgSO4 inside the concentrated SWRO brine, when fully 

solidified as MgSO4•7H2O, could potentially fill the entire pore space existing around NaCl 

crystals (19.3%) and thus seal the water path to the water evaporation surface (Figure 2-9B).  

The followings was hypothesized as a possible mechanism for forming the surface dense crust 

layers and inner pore filling crystals in the case of the concentrated SWRO brines. As the salt 

precipitates during water evaporation, NaCl, as the most abundant species, precipitates dominantly 

while highly hydrous magnesium sulfate, as a minor species, precipitates only in the gap space 

among the cubic NaCl crystals. As the hydrous magnesium sulfate gradually fills the pore space 

among the NaCl crystals, at one point, a dense crust layer is formed on the surface, which renders 

the evaporation substrate unable to deliver water to the outer surface and thus water evaporation 

stops. At the same time, the suppressed evaporation with the real seawater brines leads to a much 
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smaller negative temperature gradient from the outer to inner side of the QGF membrane and a 

decreased water flux from the inner side of the QGF membrane to its outer side, which benefits 

the salt ions back diffusion to the inner side. As a result, the inner side of the QGF membrane 

possesses the similar temperature and salt concentration to the outer surface, and thus promotes 

salt precipitation inside the membrane, unlike the case of pure NaCl brine. 

To solve this problem, a salt crystallization inhibition strategy involving adding NTA into real 

SWRO was then proposed. The NTA makes cubic NaCl crystal become dendritic-shaped46. 

Predictably, it will lead the formation of a highly porous aggregation layer on the outer surface of 

QGF membrane. The large pore volume of the crust layer makes the available MgSO4•7H2O not 

able to entirely fill the pore space among the NaCl crystals, always maintaining sufficient pore 

space available for water transport to the evaporation surface. 
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Figure 2-11. The characterization of the salt crystal the salt crust layer formed from 12 wt% NaCl 

brine with different amount of NTA. The (A) photo images of each samples and (B) corresponding 

XRD patterns. 

In order to assess the efficacy of this strategy, the effect of NTA on the crystallization behavior of 

NaCl crystal and its porosity was firstly investigated. 12 wt% pure NaCl aqueous brines with 

different amount of NTA in it were used as source brines and treated with the 3D solar crystallizer 

under otherwise the same conditions. At the end of 10-hour operation, the morphologies of the salt 

crust layers show a strong dependence on the amount of NTA added in the NaCl brine, 

transitioning from hard salt layer to a fluffy pom-poms like structure (Figure 2-11A) with the NTA 

concentrations increasing from  0, 4.2, 8.4, 16.8, 25.2 and to 42.0‰. However, the XRD patterns 

of these salt crusts (Figure 2-11B) did not show any significant change in their crystal phases, 

indicating that the presence of NTA did not affect the NaCl crystal type. However, the XRD 

patterns reveal that, with the co-presence of NTA in the brines along with NaCl, the growth of <1 

0 0> crystal faces was hindered while <1 1 0> faces of NaCl crystals were preferred instead, 

indicated by the great change in the intensity ration between <1 0 0> diffraction peak and <1 1 0> 

diffraction peak21. Moreover, the SEM observation clearly demonstrates the shape of the NaCl 

crystals gradually turned from perfect cubic to dendritic shape (Figure 2-12A). Consequently, it 

leads to a significant change of the physical properties of the salt crust layers. As shown in Figure 

2-12B, when the NTA concentrations in the source NaCl brines increased from 0, 8.4 to 42‰, the 

apparent densities of the NaCl crystal aggregates decreased from 0.97, 0.18 to 0.17 g cm-3, the 

porosity increased from 12.4, 58.3, to 84.8%, and the specific surface area increased from 0.08, 

4.49, to 11.4 m2 g-1, respectively. All these results demonstrate that a small amount of NTA can 

significantly increase the porosity of NaCl crust layer by converting the shape of the NaCl crystal 

from cubic shape to dendritic shape. 
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Figure 2-12. The physical property of the salt crystals in the presence of NTA. (A) The SEM 

images of the salt crystals in the presence of NTA; (B) the porosity and surface area of each salt 

samples; inset photo shows 0.4g collected salt crystals formed from 12 wt% NaCl brine with (1) 

0‰, (2) 4.2‰, (3) 8.4‰, (4) 16.8‰, (5) 25.2‰ and (6) 42.0‰ NTA in cuvette (the bottom side 

length: 10 mm).  

Then the real seawater brines with different amount of NTA were used as source brines and treated 

by the solar crystallizer. As presented in Figure 2-8E, the collected salt crystals also turned into 

dendritic shape in the presence of NTA. The porosity of the accumulated salt increased from 1.00 

to 43.54 % as the NTA concentrations were increased from 0 to 12.6 ‰. It should be pointed out 

that MgSO4 is quite uniformly distributed in the salt crust layer along the out-of-plane direction. 

The sodium-to-magnesium molar ratio of the surface crust after a 24-hour operation is 12.6, which 

is consistent with that of the raw concentrated SWRO brine (13.1), suggesting that the magnesium 



82 

 

would not selectively accumulate in the inner side nor the surface side. This feature is another 

reason for the excellent long-term operation stability of the 3D solar crystallizer as it ensures a 

stable porous structure of the salts crust layer. All these results strongly support the effectiveness 

of the proposed strategy of salt crystallization inhibition to control pore spaces of crystallized salt 

aggregates. 

Note that the NTA is one of the various salt crystallization inhibitors to modify the morphology of 

NaCl crystal. Evaluation of the performance of other salt crystallization inhibitors is necessary in 

the future to further improve the performance of solar crystallizer while treating different brines 

with different compositions.  

In addition, the scalability of solar crystallizer is also a critically important consideration. The solar 

crystallizer can be easily scaled up by enlarging its size and the brine treatment capacity of such a 

system can be multiplied by applying an array of the solar crystallizers. A few enlarged devices 

with varying magnification ratios were fabricated. Their similar evaporation rates prove the size 

magnification does not affect the performance significantly when they are used as a single unit. 

Then twelve solar crystallizers were assembled to form an array and the array was challenged to 

treat the highly concentrated real SWRO brine of 21.6 wt% outdoors. It turns out that the array 

delivered a high water evaporation rate of 48.0 kg m-2, showing its great potential for practical 

brine treatment. Under the field conditions, the solar incident angle, ambient temperature, relative 

humidity and natural wind all affect the performance of the solar crystallizer. Comprehensive 

evaluation of such effects is necessary for the practical application of the solar crystallizer towards 

practical ZLD brine treatment.  
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2.3.7 The outdoor field test and potential application scenarios 

 

Figure 2-13. The experimental results of outdoor field test. (A) The photo of the outdoor field test 

setup. 1-solar crystallizer array, 2-single solar crystallizer as reference, 3-temperature and relative 

humidity sensor, 4-cameras for brine liquid level monitor; (B) the water evaporation rate of the 

single solar crystallizer and its array under the natural sunlight. The solar intensity measurement 

was missing on August 24 due to the sensor failure; (C) the temperature and relative humidity and 

(D) wind velocity during the field test. 

As presented in Figure 2-13A, twelve solar crystallizers (85 mm/31 mm) were assembled to form 

an array (with inter-device space of 39 mm uniformly), which was tested on the rooftop of a 

housing unit inside KAUST campus during August 21-25, 2020. One single solar crystallizer of 

the same size was setup besides the array as a reference. The highly concentrated SWRO brine of 

21.6 wt% was used as source brine. The real-time evaporation rates were recorded and presented 

in Figure 2-13B while the temperature, relative humidity and natural wind velocity were recorded 
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and presented in Figure 2-13C and d. It turns out that the average evaporation rates of the single 

solar crystallizer and the device array were 60.7 kg m-2 and 48.0 kg m-2 per day (including 

nighttime), respectively. As seen, the performance of the solar crystallizer decreased with the array 

setup due to hindered environmental heat harvesting as predicted by the reviewer. However, 

examining the real-time water evaporation rates in Figure 2-13B reveals something interesting and 

exciting. Taking the result of Aug 23rd as an example, the average water evaporation rate of the 

solar crystallizer array during the day time (08:00 to 16:00) was 5.5 kg m-2 h-1, much higher than 

these measured in lab conditions. This should be ascribe to the presence of natural wind, which 

will be explained in the next chapter. 

It is worth pointing out that, for real application, the total land area is larger than the required solar 

illumination area due to the presence of gap space among solar crystallizers if device array is to be 

used. In the outdoor field tests with the device array, the effective solar illumination area of the 

solar crystallizer array was 115 cm2 while the total projected area of the entire array was 588 cm2. 

When normalized by the total projected area, the water evaporation rate of the solar crystallizer 

array was 9.4 kg m-2 per day. While the performance of the current design can be further 

significantly improved with device and array optimization and introduction of artificial wind field, 

among others, it compares favorably against open water bodies whose water evaporation rate is 

typically 3.4-5.6 kg m-2 23. 

It has to be cautiously pointed out that the solar crystallizer at this point might not be very effective 

in treating large volume of the brine due to its large land requirement. However, comparing with 

the commercial ZLD system, which costs $250000 to over $2 million with the capacity of 5 to 100 

m3 per day22, the solar crystallizer offers a low-barrier-of-entry option for treating brine with small 

to medium volume. For example, for a medium-sized chemical plant producing around 15 m3 
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concentrated brine every day, there will be an area of around 300 m2 solar crystallizer array plus 

inter-device space required to treat the brine with ZLD. Moreover, due to its simple setup, the array 

can be placed on the rooftop of factory buildings, which would further reduce its land footprint. 

With ongoing work further improving the performance of the solar crystallizer, it is expected that 

the next-generation solar crystallizer will widen its application perspective. 

2.4 Conclusion  

The 3D solar crystallizer in conjunction with salt crystallization inhibitor provides an opportunity 

for ZLD treatment of real seawater brines with long-term stability. The salt crystallization inhibitor 

modulates the morphology of salt crystals and solves the troublesome problem of salt scaling. This 

solar crystallizer with salt crystallization inhibitor enables a high water evaporation rate of 2.42 kg 

m-2 h-1 and the presence of a small amount of salt crystallization inhibitor makes the crystallizer’s 

regeneration possible, leading to long-term stable brine treatment operations. The high water 

evaporation rate of 48.0 kg m-2 per day achieved by the solar crystallizer array in outdoor field test 

also indicates its great potential for practical brine treatment. The solar crystallizer is believed 

broadly applicable to various crystallization processes, such as salt recovery from waste brines, 

salt mineral extraction from salt lake, and thus is a meaningful contribution to the challenging 

problem of industrial brine treatment with ZLD. 
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3. Maximizing the Environmental Energy Harvest for SIWE Process with 

Enhanced Water Evaporation Performance 

3.1 Introduction 

The emerging solar crystallizer has potentially unlocked a new generation of Zero-Liquid-

Discharge (ZLD) brine treatment technology with low-barrier-of-entry. As the core process of 

solar crystallizer, the solar-driven interfacial water evaporation (SIWE) process keeps removing 

water from brine inside evaporation layer and then results evaporation. Therefore, the SIWE can 

be regarded as the rate determining step of solar crystallizer. In other words, the performance of 

solar crystallizer completely depends on the SIWE process. 

However, the performance of SIWE is limited by the low temporal and areal energy density of 

sunlight, which is typically only 4 - 7 kW m-2 per day1. This leads SIWE-based technologies 

require large land area to achieve high productivity and, as such, strategies to improve its energy 

efficiency are highly sought after. Out of the explored strategies are: exploring photothermal 

materials with superior sunlight absorption (near 98%)2-9, reducing the parasitic heat loss out of 

the interfacial evaporation layer by various heat-management designs10-12, recovering and reusing 

the latent heat of vapor condensation,13 and harvesting environmental energy from ambience to 

augment energy source beyond the limit of solar energy10,14-20. As a matter of fact, harvesting 

environmental energy to promote the performance of SIWE has attracted a great amount of 

attention and underpins various three-dimensional (3D) SIWE designs in the past 3 years10,14-18. 

The working principle of environmental energy harvesting is, typically by enlarging water 

evaporation surface area, to judiciously reduce the temperature of the water evaporation interface 

to such an extent that it is lower than that of the ambience. The cold evaporation interface favorably 

cools down the air right above it. The sensible heat released by air cooling, as known as 
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environmental energy, then flows to the water evaporation interface along the temperature gradient, 

resulting the enhanced water evaporation performance. 

Very recently, it has been realized that the environmental energy harvesting performance of SIWE 

could be considerably enhanced by presence of natural wind or by creating artificial wind field 

within which SIWE device resides19,20. In this chapter, natural and artificial wind was donated as 

convective airflow. Currently, the feasibility of coupling the convective airflow with SIWE still 

remains challenge as the temperature gradient above the water evaporation surface and the amount 

of available environmental energy contained in convective airflow is unclear. Furthermore, the 

scalability of SIWE inside convective airflow and the influence of different ambient conditions 

(i.e., temperature, humidity) also needs further investigation. It is reasonable to believe that all 

these parameters are essential to evaluate its feasibility for practical application, especially when 

employ forced convective airflow which consumes electricity or fossil fuel. 

In light of these concern, this chapter demonstrated the solar-driven interfacial water evaporation 

with convective airflow (SIWEC) to quantify the environmental energy provided by convective 

airflow and investigate the principle of environmental energy harvesting behavior. When 

extending the size of SIWEC along the direction of convective airflow, both experiment results 

and theoretical model calculation results revealed that the amount of environmental energy 

provided by convective airflow has its maximum, depending on the ambient temperature and 

relative humidity. Inside SIWEC device, the differential environmental energy harvesting rate 

gradually decreased to zero over its length until the amount of cumulative environmental energy 

reached maximum. After achieving the maximum environmental energy, further increasing the 

length of SIWEC did not bring any more environmental energy as the temperature of evaporation 

interface was even higher than that of convective airflow. Meanwhile, the ambience with higher 
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temperature and lower relative humidity is preferred by the SIWEC as it can provide more 

environmental energy. The model result also confirmed that the scalability of SIWEC can be 

achieved by the proper spacing and the additional perpendicular flow between the adjacent 

modules. As a demonstration of evaporative wastewater treatment, the highly concentrated 

seawater desalination brine was evaporated by SIWEC and then achieved zero-liquid-discharge 

(ZLD). With SIWEC, the equipment cost and energy consumption of ZLD can be potentially 

reduced to around $24000 and 157 kWh for the daily brine treatment capacity of 5 m3, which are 

only 10% and 50% of the commercial ZLD equipment21, respectively. Hopefully, the work of this 

chapter can provide a solid referencing for the solar crystallizer design with enhanced performance, 

in which the environmental energy plays an important role. 

3.2 Experimental Procedures 

3.2.1 Chemicals 

Nitrilotriacetic acid (NTA) was provided by Shandong Deshunyuan Petroleum Sci & Tech Co. 

Ltd. The pure water with a resistivity of 18.2 MΩ cm-1 was produced by a water purification system 

(Milli-Q® Integral). Non-woven fabric was purchased from Kimberly-Clark Professional (Model 

3600041025). The spectrally selective solar absorber, consisting of a cermet (ETA plus) coated on 

an aluminum sheet, was purchased from Alanod Solar. The raw seawater desalination brine was 

collected from the seawater reverse osmosis (SWRO) plant inside King Abdullah University of 

Science and Technology. 

3.2.2 Characterizations 

The surface morphology of the non-woven fabric was observed by field-emission scanning 

electron microscopy (SEM, Zeiss Merlin). The UV-Vis-NIR diffuse reflectance, transmittance and 

absorption spectra of the samples were recorded with a Perkin Elmer Lambda 950 
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spectrophotometer. The elemental composition of liquid samples were measured by inductively 

coupled plasma optical emission spectroscopy (ICP-OES, Agilent Technology, 5110).  

3.2.3 The preparation of SIWEC device 

The SIWEC device was consisted of the solar evaporator unit and a brushless fan. The solar 

evaporator had a U-channel structure with its front and back side closed (Figure 3-1A). The front 

and back side was sealed by optical transparent polycarbonate (PC) piece to stop convective 

airflow penetration. The U-channel walls were bi-layered in configuration. The inner layer was the 

aluminum-based spectrally selective solar absorber (Alanod®), which served as photothermal 

component with a high solar absorptance of 94%. The outer layer was hydrophilic non-woven soft 

pulp fabric (WYPALL®, X80) and served as water evaporation surface. The hydrophilic non-

woven fabric has a thickness of ~ 0.5 mm and an estimated porosity of 95%. The solar evaporator 

was directly placed on top of an expanded polystyrene foam or polymethylmethacrylate (PMMA) 

board, which acted as the thermal insulator. The source water was wicked into the non-woven 

fabric layer from brine reservoir by capillary effect and then spread over the entire evaporation 

surface. With this design, the inner layer, especially the inner bottom layer, of the solar evaporator 

absorbs sunlight while water evaporation and thus removal takes place exclusively on the outer 

layer. The forced convective airflow was created by a brushless fan (FOXCONN®, PLA040H12P) 

and was controlled by the input electric power. To avoid the interference caused by the convective 

airflow during measurement, the solar evaporator was supported by lab-made stand to avoid the 

direct contact with reservoir, which means only the mass change of source water is recorded in 

real time. The mass change of source water was then used to calculate water evaporation rate and 

brine treatment rate when treating pure water and real brine, respectively.  
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3.2.4 Preparation of real seawater brine samples 

The raw seawater desalination brine was concentrated in a blast oven at 358.15 K and then filtrated 

by qualitative filter paper (Whatman, Grade 1). During the concentration process of SWRO brine, 

there were some white precipitates formed, which was removed by filtration. The total dissolved 

solids (TDS) of concentrated seawater desalination brine was measured by heating the sample in 

a blast oven at 358.15 K until its weight was constant. 

3.2.5 Solar-driven water evaporation and brine treatment 

A lab-scale setup was built to measure the water evaporation performance of the SIWECs. A solar 

simulator (Oriel solar simulator) with a standard AM 1.5G spectrum filter was used to provide 

solar radiation with a constant intensity of 1000 W m-2. A mass balance (Mettler Toledo, ME204E) 

was used to record the mass change of resource water at 1-minute interval. The temperature was 

monitored by an IR camera (FLIR, A600-series) and thermocouple. The power of fan is controlled 

by a source meter (KEITHLEY, 2400-C). The velocity of convective airflow was measured by 

anemometer (EXTECH, AN200).  All in-lab experiments was conducted under the ambient 

temperature of 276.15(±2) K with relative humidity of 55(±10) %, as monitored by a hydrometer 

(Traceable, 11-661-18). When testing with pure water, the water evaporation rate of the SIWEC 

was obtained from the slopes of the mass change curve of resource water at steady state. When 

conducting brine treatment experiment, the brine treatment rate was obtained from the mass 

change of resource brine per minute. Both the water evaporation rate and the brine treatment rate 

were normalized by the projected area of SIWEC, which received the illumination directly. To 

determine the salt compositions, the collected salt was dissolved in pure water and then tested by 

ICP-OES. 
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3.2.6 The equivalent of joule heat and simulated sunlight 

Due to the small size of solar simulator, the performance of large SIWECs cannot be tested by 

simulated sunlight directly. Here, the Joule heat was employed as the equivalent heat source of 

simulated sunlight. The Joule heat was supplied by the resistance attached to the light absorption 

surface, which can be well controlled by the input power. When the power of Joule heat and 

simulated sunlight were set as 1 kW m-2, the water evaporation performance of SIWEC under the 

Joule heat and simulated sunlight was almost the same, indicating the simulated sunlight can be 

equivalent to Joule heat with the same evaporation performance. 

3.3 Result and discussion 

3.3.1 Design principle of the SIWEC 

 

Figure 3-1. The principle of environmental energy harvesting and structure of SIWEC. (A) The 

schematic sketch of SIWEC design; (B) the predicted temperature trend of convective airflow and 

evaporation interface; (C) the lab-made setup of small SIWEC with single solar evaporator unit; 

(D) the lab-made setup of large SIWEC with duplicated solar evaporator units. 



95 

 

The essence of environmental energy is the sensible heat released by air cooling on the water 

evaporation surface. Therefore, the amount of environmental energy provided by convective 

airflow is determined by its specific heat capacity, volume flow rate and temperature drop. The 

volume flow rate and temperature drop of the convective airflow with certain velocity is related to 

the dimension of SIWEC device. As schematically presented in Figure 3-1A, when the convective 

flow passing through the solar evaporator, the environmental energy flows from convective airflow 

to evaporation interface driven by the temperature gradient as mentioned previously. According to 

Chapter 2, the evaporation performance of solar evaporator increased linearly over its height when 

it gains environmental energy from ambience. Ideally, increasing the width of SIWEC by 

duplicating the solar evaporator unit also multiplies its evaporation performance after taking the 

influence of neighboring units into consideration. Meanwhile, for the convective airflow with 

certain velocity, its volume flow rate grows linearly over the height and width of SIWEC device. 

Thus, the influence of height and width of SIWEC was not discussed in this work. 

When the length of SIWEC device is extended along the direction of convective airflow, it is 

predictable that the temperature of convective airflow will keep decreasing and the temperature of 

evaporation interface will keep increasing until all of the available environmental energy is 

harvested by SIWEC (Figure 3-1B). Therefore, the environmental energy harvesting can reach its 

theoretical upper limit with the SIWEC of proper length. Besides, the ambient condition can also 

influence the evaporation process and further influence the amount of available environmental 

energy. All these essential parameters need to be investigated, as well as the scalability of SIWEC 

for practical applications, as explained in more details below. 

This SIWEC device was achieved via placing solar evaporator unit inside the convective airflow 

created by brushless fan. In this chapter, the SIWEC with different dimensions was fabricated for 
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test. The small SIWEC (Figure 3-1C) contained one solar evaporator unit, which was 50 mm in 

length, 50 mm in height and 12 mm in width, with open ambience. The large SIWEC (Figure 3-

1D) was consist of two same units with the interval space of 12 mm. The dimension of each unit 

was 50 mm in height, 12 mm in width and its length varies from 50 mm to 200 mm. Two 

transparent boards were placed on the side, acting as the barriers of the convective airflow tunnel, 

as well as the symmetrical boundary. 

3.3.2 Performance of SIWEC 

 

Figure 3-2. Solar evaporation performance of SIWEC. (A) Water evaporation rates of small 

SIWEC with different fan powers; (B) the interfacial temperature profile along the wall height of 

small SIWEC in wet state under one sun illumination without and with the convective airflow (The 

corresponding fan power is 0.295 W); (C) the COP of small SIWEC with different fan powers; (D) 

water evaporation rates of large SIWEC of different lengths with fan power of 0.295 W; (E) the 

environmental energy harvesting power of the large SIWEC of different lengths under one sun 

illumination with fan power of 0.295 W; (F) the COP of large SIWEC of different lengths with 

fan power of 0.295 W. 
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The water evaporation performance of the small SIWEC was firstly measured by pure water. Its 

average water evaporation rates in the absence of convective airflow in darkness and under one 

sun illumination were measured stably to be 1.10 and 2.48 kg m-2 h-1, respectively (Figure 3-2A). 

Then, its performance was tested under a well-controlled artificial convective airflow, which was 

created by an electrical fan. As seen, the solar evaporation rates of small SIWEC increased clearly 

with the increasing fan power (Figure 3-2A). With the fan power of 0.956 W, the high water 

evaporation rate of 5.79 kg m-2 h-1 was achieved under one sun illumination, which was 233% of 

that without convective airflow. From the perspective of energy, this enhancement of evaporation 

rate could be ascribed to the evaporation interface gaining more energy from the ambience as the 

interfacial temperature was much lower than ambience under the convective airflow (Figure 3-2B). 

Under the convective airflow, the evaporation rates of small SIWEC were always higher than the 

theoretical limitation of vapor output under one sun, indicating the convective airflow did not 

affect the full utilization of the solar energy. This is consistent with previous work reported by J. 

Li, et al.20  

Under the convective airflow, the drastically enhanced water evaporation rates can be ascribed to 

the environmental energy harvesting, which can be calculated by calculating the difference 

between the energy consumption by water evaporation and the energy gained from the sunlight. 

Meanwhile, the additional electricity was consumed by fan to create the artificial convective 

airflow. To evaluate the economic rationalization of the additional electricity consumption, the 

ratio of the environmental energy to the corresponding power of fan, denoted as coefficient of 

performance (COP), was employed to evaluate the efficiency of electricity consumed by 

convective airflow. As presented in Figure 3-2C, the COP of small SIWEC kept decreasing when 

the fan power increasing, both in darkness and under one sun illumination.  
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Then the single evaporation unit was duplicated in parallel and further elongated to different 

lengths, forming a serious of large SIWECs. Their performance was measured under the same 

artificial convective airflow with the fan power of 0.295 W. Due to the small size of solar simulator, 

the performance of large SIWECs cannot be tested by simulated sunlight directly. Here, the well-

controlled Joule heat was used as the equivalent heat source of simulated sunlight. As presented 

in Figure 3-2D, when the length of large SIWEC increased from 50 to 200 mm, its evaporation 

rate decreased from 5.04 to 2.54 kg m-2 h-1 under one sun illumination and decreased from 4.08 to 

1.98 kg m-2 h-1 in darkness, respectively. It is worth noting that the environmental energy 

harvesting power was firstly increasing and then decreasing when the length of large SIWEC 

increased (Figure 3-2E). The maximum environmental energy of 3.95 W can be harvested by the 

large SIWEC with length of 125 mm, with a high COP of 13.4. Taking the volume flow rate of 

convective airflow into consideration, every cubic meter convective airflow supplied 998 J 

environmental energy for evaporation in this situation. Further increasing the length of SIWEC 

did not bring more environmental energy into SIWEC and corresponding COP also decreased, 

indicating the lower efficiency of convective airflow after this point.  

Under the same convective airflow, the COP of large SIWEC with different lengths in darkness 

was always higher than that under one sun illumination (Figure 3-2F). However, with the solar 

energy input, the water evaporation performance of large SIWEC under one sun was still higher 

than that in darkness under the same conditions. Moreover, as the SIWECs utilize both solar energy 

and environmental energy as energy source for water evaporation, only the situations under one 

sun illumination were analyzed thereafter. 
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3.3.3 Dependence of environmental energy harvesting on SIWEC size 

 

Figure 3-3. Thermal model of the SIWEC and the corresponding solution. (A) The schematic 

diagram for the theoretical model; (B) the intensity of environmental energy harvesting when the 

length of SIWEC increases from 50 mm to 200 mm; (C) the temperature of convective airflow and 

evaporation interface at different positions of SIWEC with the length of 200 mm (The temperature 

probe is put at the centerline of convective airflow); (D) the temperature distribution of convective 

airflow between the neighboring evaporation interfaces at different positions of SIWEC with the 

length of 2000 mm; (E) the temperature of the convective airflow and probe inside SIWEC with 

the length of 2000 mm. The probe is put at 0.3 mm above the evaporation interface; (F) the 

evaporation rate and the power of cumulative environmental energy harvesting per unit at different 

positions of SIWEC with the length of 2000 mm; (G) the normalized power of cumulative 

environmental energy harvesting and corresponding position inside SIWEC. 
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As presented in previous section, the water evaporation performance of large SIWEC under one 

sun illumination kept decreasing when its length increasing. In other word, the intensity of 

environmental energy harvesting kept decreasing after extending the length of SIWEC. To 

quantitatively assess the amount of environmental energy and the environmental energy harvesting 

behavior inside the SIWEC, a theoretical model was established. When passing through the 

SIWEC, the convective airflow supplied environmental energy for evaporation and takes vapor 

away (Figure 3-3A). The COMSOL Multiphysics® software was used to simulate the evaporation 

process inside SIWEC. In COMSOL model, the coupled heat and mass balance regulates the 

evaporation dynamics. In general, the heat balance can be expressed as following: 

𝑀𝑤𝑎𝑡𝑒𝑟𝐿𝑣 = 𝐸𝑠𝑜𝑙𝑎𝑟 + 𝐸𝑐𝑜𝑣 + 𝐸𝑟𝑎𝑑 

where 𝑴𝒘𝒂𝒕𝒆𝒓 represents the mass of evaporated water, 𝑳𝒗 is the latent heat of water evaporation, 

𝑬𝒔𝒐𝒍𝒂𝒓  represents the solar energy input, 𝑬𝒄𝒐𝒗  represents the energy exchange between the 

convective airflow and solar evaporator units (i.e., the environmental energy), and 𝑬𝒓𝒂𝒅  represents 

the energy loss via radiation. The 𝑬𝒄𝒐𝒗 can be calculated by the temperature distribution:  

𝐸𝑐𝑜𝑣 = 𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ ∇ ∙ (−𝑘∇𝑇) + 𝜌𝑐𝑝𝑎u ∙ ∇𝑇 

Where 𝝆 is the density of convective airflow, 𝑻 is the temperature of convective airflow, 𝒕 is the 

time, 𝒌 is the thermal conductivity of air, and 𝐮 represents the velocity field of convective airflow. 

Here, the term (∂T/∂t) is zero because only the steady state is studied in this work. 

The 𝑬𝒓𝒂𝒅 follows the Stefan-Boltzmann law: 

𝐸𝑟𝑎𝑑 = 𝐴𝜀𝜎(𝑇𝑎𝑚𝑏
4 − 𝑇𝑠

4) 
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where 𝑨 is the radiating surface area, 𝜺 is the Stefan-Boltzmann constant and 𝝈 is the emissivity 

of the radiating surface, 𝑻𝒂𝒎𝒃 is the temperature of surrounding and 𝑻𝒔  is the temperature of 

evaporation interface. 

The latent heat transfer is determined by the vapor concentration gradient. As water keeps 

evaporating at the water-air interface, the generated vapor will transport into the convective airflow 

under the effect of natural diffusion and turbulent mixing. Therefore, the vapor concentration is 

governed by: 

𝜕𝐶𝑣

𝜕𝑡
+ ∇ ∙ (−𝐷∇𝐶𝑣) + u ∙ ∇𝐶𝑣 =

𝐺

𝑀𝑣
 

where 𝑪𝒗is the vapor concentration, 𝑫 is the diffusion coefficient of water vapor in air and 𝑮 is 

vapor flux normalized by the area of evaporation interface and 𝑴𝒗 is the molecule weight of water. 

 

Figure 3-4. The 2D configuration of the SIWEC model. 

In the simulation, the large SIWEC is simplified as the 2D configuration (Figure 3-4). The ambient 

environment was set as the temperature of 295.15 K and the relative humidity of 60%. The solar 

energy input was set as 940 W m-2 after considering the absorption of the solar absorber. By 
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performing the simulations, the temperature and vapor concentration profile for the calculation 

domain can be obtained directly. Then the temperature profile of convective airflow, the 

temperature profile of evaporation interface and the evaporation rate profile of evaporation 

interface can be exported. 

The decreasing velocity of convective airflow is one of the main causes for this diminish of 

environmental energy harvesting. As the length of SIWEC increasing, the linearly increased 

contact area between device and convective airflow provides enlarged flow resistance for 

convective airflow. When the fan power was set as 0.295 W, the velocity of convective airflow 

gradually decreased from 1.75 to 1.56 m s-1 as the length of SIWEC increased from 50 to 200 mm. 

Then the water evaporation process of SIWEC with different lengths was simulated by COMSOL 

model with the corresponding velocity of convective airflow. As shown in Figure 3-3B, the 

simulation results indicated that the intensity of environmental energy harvesting decreased from 

2.57 to 0.98 kW m-2 (normalized by the solar illumination area, similarly hereinafter) as increasing 

the length of SIWEC, which was consistent with experiment results. 

For the SIWEC with a certain length, the corresponding velocity of convective airflow was a 

constant. In this situation, the status of heat transfer at different positions along the length of 

SIWEC was the main factor that affects the environmental energy harvesting. Due to the heat 

transfer was driven by the temperature gradient, the temperature difference between the convective 

airflow and evaporation interface determined the direction and the flux of environmental energy. 

As shown in Figure 3-3C, when passing through the SIWEC with the length of 200 mm, the 

temperature of convective airflow (measured at the centerline of convective airflow) kept 

decreasing while the temperature of evaporation interface keeps increasing, leading the less driving 

force for environmental energy harvesting.  
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Figure 3-5. The temperature distribution of convective airflow. The temperature profiles above 

the evaporation interface inside large SIWEC with the length of 2000 mm were predicted by model 

simulation. 

Herein, the SIWEC of 2000 mm was employed as the study case to exhibit the possible status of 

environmental energy harvesting at different positions. The velocity of convective airflow was 

assumed to be fixed as 1.56 m s-1. The simulation resulted indicate that the temperature distribution 

of convective airflow between the neighboring evaporation interfaces was uneven (Figure 3-5). 

Due to the heat transfer between the SIWEC and convective airflow only happens at the 

evaporation interface, the temperature gradient (𝒅𝑻
𝒅𝒀⁄ ) on the evaporation interface determined 

the direction of energy flow between them. As presented in Figure 3-3D, the temperature gradient 

on the evaporation interface was divided into three stages. For the first stage (take the position at 

length of 100 mm as an example, similarly hereinafter), the temperature gradient was positive, 

indicating the environmental energy flows from convective airflow into evaporation interface. For 

the second stage (1250 mm), the temperature gradient was roughly equal to zero, indicating that 

almost no energy exchange occurred between convective airflow and evaporation interface. For 
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the third stage (1500 mm), the temperature gradient became negative, indicating that there was no 

environmental energy harvesting and the SIWEC even lost energy into convective airflow.  

To exhibit the temperature gradient of each point more intuitively, the temperature of the 

convective airflow which was 0.3 mm above the evaporation interface was used as the probe. 

Corresponding to the three stages of environmental energy harvesting, the environmental energy 

harvesting process can be divided into three stages (Figure 3-3E). In the first stage, the probe 

always had higher temperature than the evaporation interface. In this stage, the convective airflow 

kept providing environmental energy for water evaporation. In the second stage, the probe 

temperature was roughly equal to the evaporation interface, so called balance temperature, in 

which the convective airflow stopped providing environmental energy to SIWEC. In the third stage, 

the probe temperature was lower than the evaporation interface, indicating the convective airflow 

starts to harvest energy from SIWEC. In this stage, the present of convective airflow can be 

considered as the energy loss path of SIWEC. 

The contribution of environmental energy harvesting was also directly reflected by the change of 

evaporation rate of SIWEC at different positions along the direction of convective airflow. As 

shown in Figure 3-3F, the evaporation rate was higher than the theoretical limitation of vapor 

output under one sun (around 1.50 kg m-2 h-1, assuming 100% solar-to-vapor efficiency) in the first 

stage, attributed by the additional environmental energy harvested from convective airflow. In the 

second stage, the evaporation rate dropped to the level of theoretical limitation under one sun as 

the environmental energy harvesting behavior disappears. In the third stage, the evaporation rate 

was well below the theoretical limitation under one sun and kept decreasing. This was because the 

evaporation interface with higher temperature starts to lose its energy, which was converted from 

sunlight, into the convective airflow.  
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It is worth noting that the evaporation rate was extremely high at the entrance (over 60 kg m-2 h-

1), for two reasons: relatively dry air with high capability to bear the vaporized moisture, and strong 

hydrodynamic air mixing near the flow entrance before the formation of boundary layer along the 

evaporation surface. This also explains the SIWEC with shorter length can always exhibit better 

water evaporation performance and have higher intensity of environmental energy harvesting than 

that with longer length in the experiments. In other words, the extremely high performance can be 

achieved by solar evaporator if it is as small as enough, however, which will rapidly diminish 

during the scaling up.   

Obviously, at the position of balance temperature, the SIWEC can harvest all of the available 

environmental energy from the convective airflow. Based on the result of simulation, the SIWEC 

with the length of 1250 mm can achieve the theoretical upper limit of environmental energy 

harvesting (3023 J per m3 convective airflow, corresponding power of 5.61 W per unit) if the 

velocity of convective airflow keeps at 1.56 m s-1. If the length of SIWEC at this point and 

corresponding power of environmental energy harvesting is normalized to 100%, respectively, 

only the frontal 16% of the SIWEC can harvest 50% of the environmental energy (Figure 3-3G). 

Therefore, the proper size of SIWEC should be carefully considered in order to achieve the balance 

between cost and efficiency. For practical applications, further evaluation of this balance under 

real-world condition is necessary.  
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3.3.4 Dependence of environmental energy harvesting on ambient condition 

 

Figure 3-6. Dependence of environmental energy harvesting on ambient temperature and relative 

humidity. All results are predicted and calculated by model simulation. (A) The maximum 

environmental energy provided by convective airflow under different ambient conditions; (B) the 

temperature drop of convective airflow when achieving maximum environmental energy 

harvesting under different ambient conditions; (C) the length of SIWEC when achieving maximum 

environmental energy harvesting under different ambient conditions; (D) the evaporation rate of 

SIWEC when achieving maximum environmental energy harvesting under different ambient 

conditions. 

Besides the device itself, the simulation results revealed that the ambient temperature and relative 

humidity can also influence the maximum environmental energy provided by convective airflow 

with the fixed velocity of 1.56 m s-1. As the ambient temperature increasing from 283.15 to 303.15 

K and the relative humidity decreasing from 40 to 60 %, the maximum environmental energy 

provided by convective airflow was greatly enhanced from 0.49 to 6.86 kJ per m3 airflow (Figure 
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3-6A). This is due to the high temperature and low relative humidity facilitates the evaporation 

process, leading enhanced temperature drop of convective airflow when achieving maximum 

environmental energy harvesting (Figure 3-6B). Under the ambient conditions in this range, the 

specific heat capacity of air is around 1.2 kJ m-3 K-1. Thus, the temperature drop of convective 

airflow directly reflects the amount of environmental energy harvesting. Meanwhile, the length of 

SIWEC needed for the maximum environmental energy harvesting and corresponding evaporation 

rate also enlarged over increasing temperature and decreasing relative humidity (Figure 3-6C and 

D), which in important for the balance between device cost and efficiency. Therefore, the ambient 

environment should also be well considered while designing SIWEC for the practical applications. 

3.3.5 The scalability of SIWEC 

 

Figure 3-7. The spacing of SIWEC after scaling up. (A) The schematic diagram of the SIWEC 

modules after scaling up; (B) the schematic diagram of the spacing between the solar evaporator 

modules containing 10 units and the additional flow in perpendicular direction; (C) the temperature 
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of the spacing under the effect of additional flow; (D) the relative humidity of the spacing under 

the effect of additional flow. 

The capacity of SIWEC can be multiplied by applying an array of single module. As shown in 

Figure 3-7A, there are two directions of array: perpendicular direction and flow direction. Ideally, 

the temperature and relative humidity of convective airflow is all the same along the perpendicular 

direction, resulting the same performance of each module in this direction. Along the flow 

direction, due to the convective airflow becomes wet and cold after passing the module, the 

performance of rear module will be affected. If the spacing between the adjacent modules along 

the flow direction is large enough, the cold and wet convective airflow from front module can mix 

with the ambience and then become warm and dry again, leading the unaffected performance of 

rear modules. 

Herein, the module contains 10 solar evaporator units of 150 mm is selected for analysis. As shown 

in Figure 3-7B, the outflow of module will mix with the ambient air in the spacing between the 

adjacent modules. An additional flow in perpendicular direction is employed to accelerate the mix 

process. As shown in Figure 3-7C and D, when the spacing is longer than 180 mm, the temperature 

and relative humidity of ambience in the spacing can restore to the origin state under the effective 

of additional flow of 2.0 m s-1. If additional flow with higher velocity (i.e., 2.7 m s-1) is employed, 

the spacing can be further reduced to 120 mm. 
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3.3.6 Brine treatment and rooftop experiment 

 

Figure 3-8. Outdoor Performance of the SIWEC. (A) Schematic of rooftop experiment setup. 1 – 

SIWEC device for brine treatment, 2 – evaporation pond device as reference, 3 - wind velocity, 

temperature and relative humidity sensors; (B) the incident sunlight, ambient temperature and 

relative humidity over time during the rooftop experiment; (C) cumulative brine treatment of the 

24-hour test and brine treatment rate of each hour when using SIWEC to treat high salinity brine; 

(D) the salt compositions in raw brine and accumulated salt. 

With the environmental energy harvesting, the SIWEC exhibited a high evaporation performance, 

which showed excellent applicability in evaporative wastewater treatment. As a demonstration, 

the SIWEC was used to evaporate highly concentrated seawater desalination brine to achieve ZLD. 

The raw seawater RO brine was collected from KAUST SWRO plant and was then concentrated 

to 24.23 wt%. To avoid the scaling issues, 0.5 wt% NTA was added into the source brine as 
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discussed in the previous work. During the ZLD brine treatment, the mass change rate of the source 

brine, defined as treatment rate, was used to evaluate the performance of SIWEC. As the brine 

kept evaporating, the salt crystals with irregular shape gradually formed a salt layer on the outer 

surface of the evaporator.  

The SIWEC of 150 mm is tested on a rooftop in KAUST campus (Figure 3-8A). The corresponding 

incident sunlight, ambient temperature and relative humidity were recorded and summarized in 

Figure 3-8B. As shown in Figure 3-8C, the SIWEC achieved an accumulative brine treatment rate 

of 62.7 kg m-2 during the test period from 00:00 a.m. to 24:00 p.m., almost 10 times of the pond 

evaporation at the same period (only 9.6 kg m-2). It should be pointed out that this brine treatment 

rate is also 30% higher than the solar crystallizer array in Chapter 2 (i.e. 48.0 kg m-2 per day 

without artificial convective airflow). The elemental compositions of the salt crystals and raw 

source brine were almost the same (Figure 3-8D), suggesting that calcium and magnesium salts 

did not selectively accumulate and crystallize inside the non-woven fabric. This feature endowed 

a long-term stability of the SIWEC for brine treatment. 

According to the rooftop experiment, for a medium-sized plant daily producing around 5 m3 

concentrated brine (>20 wt%), the equipment cost of ZLD can be potentially reduced to around 

$24000 when employing SIWEC, which exhibited special advantages over the commercial ZLD 

system (cost $250000 with the same capacity21). The energy consumption is only 31.4 kWh m-3, 

which is only half of the MVC-based brine crystallizer (52-66 kWh m-3)22.  

3.4 Conclusion 

The environmental energy supplied by the certain convective airflow for SIWE process has the 

maximum. With the fixed electricity power that drives convective airflow, the maximum 

environmental energy harvesting of the SIWEC used in this chapter was measured as 998 J per m3 
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airflow, leading a stable high evaporation rate of 3.40 kg m-2 h-1. The coefficient of performance 

of the consumed electricity is as high as 13.4. The theoretic model revealed that the environmental 

energy harvesting gradually diminishes and finally turns into heat loss as the length of SIWEC 

increasing. In other words, the theoretical upper limit of environmental harvest can be achieved by 

the SIWEC of proper length. Moreover, the demonstration of ZLD brine treatment indicated that 

the SIWEC can potentially reduce the equipment cost and energy consumption to 10% and 50% 

of the commercial ZLD equipment, respectively, when daily treating 5 m3 brine. Therefore, the 

potential of SIWEC, purposely harvesting environmental energy for solar evaporation, was 

conclusively exhibited for its practical applications with low carbon footprint. 
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4. Multi-functional Solar Crystallizer towards Simultaneous ZLD Brine 

Treatment and Potassium Extraction 

4.1 Introduction 

Despite the implement of solar crystallizer with or without convective airflow can significantly 

reduce the energy consumption of Zero-Liquid-Discharge (ZLD) brine treatment, the solid salt 

produced by ZLD system brings new environmental risks. The salt crystals produced by solar 

crystallizer are mixture due to the complex composition of source brine. The disposal of solid salts 

are facing the public concerns on their potentially detrimental impact on wildlife and the risk 

caused by chemical leakage1,2. The possible strategy to eliminate these concerns is selective 

recovery of valuable constituents from brine, which can turn solid salts from waste into resource 

and provide an additional economic incentive for ZLD3,4. 

As the typical brine with huge volume, both seawater and seawater desalination brine has long 

been viewed as the inexhaustible source of valuable constituents, including potassium, magnesium, 

and rubidium5-10. Among these minerals, the potassium has been paid special attention because the 

potassium compound is important to ensure the food security11,12. To feed the growing population, 

the worldwide potash (potassium-based fertilizer) consumption increases annually by 2.6% from 

2014 to 2018, where as high as 7.8% in Africa12-14. Given the fact that potassium has total reserve 

of 500 trillion tons in seawater, approximately 30000 times of its land reserve, the recovery of 

potassium from seawater/seawater desalination brine has attracted a great deal of public 

attention15-27. Several researchers have suggested that potassium can be selectively recovered from 

seawater/seawater desalination brine via adsorption process. Reported advantages include 

simplicity of adsorption process and effectiveness of the product as the potash. Therefore, the 
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integration of solar crystallizer and potassium adsorption can provide an environmental-friendly 

and sustainable solution for ZLD brine treatment. 

Herein, the first-phase study of a selective adsorption solar crystallizer (SASC) for simultaneous 

ZLD desalination and potassium extraction was exhibited in this chapter. The design of the SASC 

device is based on a bi-layered 3D solar crystallizer as presented in Chapter 2, in which the 

evaporation layer and photothermal layer are physically separated. To endow the solar crystallizer 

with adsorption ability, the functional evaporation layer was prepared by loading the synthetic 

zeolite on the non-woven fabric. This functional evaporation layer allows SASC to be capable to 

selective extract potassium from the brine while evaporating. As a proof-of-concept, the 

performance of SASC device was evaluated by the seawater desalination brine. Under one sun 

illumination, the SASC exhibited a stable high evaporation rate of 1.8 kg m-2 h-1, the potassium 

adsorption capacity of 51.8 mg g-1 and the selectivity coefficient of 18.3. Taking advantage of the 

ion concentration effect of SASC, its adsorption capacity and selectivity coefficient was enhanced 

by 19.5% and 48.8%, respectively, compared with traditional bulk adsorption. The SASC provides 

a new option for the ZLD brine treatment with simultaneously potassium extraction and will also 

inspire more research efforts on its applications in real scenarios. 

4.2 Experimental Procedures 

4.2.1 Chemicals  

Aluminum hydroxide (Al(OH)3), potassium hydroxide (KOH) and ammonium chloride (NH4Cl) 

purchased from Sigma-Aldrich. Sodium chloride (NaCl) and potassium chloride (KCl) were 

purchased from Fisher Chemical. Silicon (IV) oxide colloidal dispersion (15 % in H2O) was 

purchased from Alfa-Aesar. The nitrilotriacetic acid (NTA) was provided by Shandong 

Deshunyuan Petroleum Sci & Tech Co. Ltd. All chemicals were analytical regents and without 
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further purification. The solutions were prepared by dissolving corresponding chemicals in 

deionized (DI) water with a resistivity of 18.2 MΩ cm prepared by Millipore system. The seawater 

desalination brine was collected from the seawater reverse osmosis (SWRO) plant inside KAUST. 

The chemical composition of SWRO desalination brine was presented in Table 4-1. 

Table 4-1. The ion concentration of SWRO desalination brine. 

Ion Concentration (ppm) Ion Concentration (ppm) 

Sodium 17273 Calcium 610 

Potassium 950 Chloride 30574 

Magnesium 1745 Sulfate 4153 

 

4.2.2 Synthesis of zeolite W 

The template-free zeolite W was prepared by hydrothermal method. Firstly, the synthetic gel was 

prepared by dissolving Al(OH)3, KOH and silicon oxide into deionized (DI) water with the molar 

composition of 15K : 5Si : Al : 240H2O
28. The well mixed gel was transferred into an autoclave. 

Secondly, after aging for 10 hours, the autoclave was thermally treated in oven at 423.15 K for 48 

hours. The precursor of zeolite W was separated by filtration, washed by deionized water and dried 

at 393.15 K. At last, the treatment of precursor contains two steps. In the first step, precursor was 

immersed into NH4Cl solution (20 wt%) at room temperature, followed by stirring for 3 hours, 

then washed by DI water and dried at 393.15 K. In the second step, the precursor was treated by 

boiling saturated NaCl solution with the same process in the first step for 2 times. Afterwards, the 

synthetic zeolite W was collected for the fabrication of zeolite@fabric. 
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4.2.3 Fabrication of zeolite@fabric 

The zeolite@fabric was fabricated by loading synthetic zeolite W on the commercial non-woven 

fabric. 0.21g synthetic zeolite was firstly mixed with 2.5 mL cellulose acetate acetone solution. 

Then the solution was dispersed on non-woven fabric with desired shape by dropper. After drying 

in the oven at 353.15 K overnight, followed by washing and drying, the zeolite@fabric was 

obtained. The concentration of cellulose acetate can directly affect the loading amount of zeolite 

on the fabric. When the mass fraction of cellulose acetate increased for 0 to 1.0 wt%, the loading 

amount of zeolite increased from 20.2±1.5 mg to 195.8±11.0 mg on the fabric. In this work, the 

cellulose acetate (1 wt%) was used for the fabrication of zeolite@fabric. 

4.2.4 The adsorption capacity measurement 

The zeolite was added into 40 mL target solution, stirred for 3 hours at room temperature. After 

liquid phase and zeolite were separated, the concentration of potassium in liquid phase was 

measured by ICP-OES. The zeolite was rinsed by DI water followed by drying and then added 

into 40 mL target solution for continuous adsorption. The above operation were repeated until the 

potassium concentration in liquid phase unchanged. After reaching saturation, the zeolite was 

added into 40 mL recovered solution (20 wt% NH4Cl solution), stirred for 3 hours. The potassium 

concentration in recovered solution was measured by ICP-OES. The adsorption capacity can be 

calculated by following equation: 

Q =
𝑐𝑉

𝑚
 

Where Q is the adsorption capacity, c is the potassium concentration in recovered solution, V is 

the volume of recovered solution and m is the mass of zeolite. The adsorption capacity 

measurement of zeolite@fabric follows same operation. 
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4.2.5 Regeneration of zeolite@fabric 

After releasing potassium in NH4Cl solution, the used zeolite@fabric can be regenerated by 

immersing in saturated NaCl solution for 45 minutes. The temperature of saturated NaCl solution 

was maintained at 363.15 K. Then the zeolite@fabric was rinsed by DI water and dried in oven at 

353.15 K. 

4.2.6 The preparation of simulation brine 

The simulation brine with the molar ratio of potassium to sodium of 0.095 was prepared by 

dissolving 21.5 g KCl and 149.0 g NaCl in 1.00 L SWRO brine. The concentration of potassium 

and sodium in simulation brine is equal to the corresponding average concentration in evaporation 

layer predicted by simulation. 

4.3 Result and discussion 

4.3.1 Structure of the selective adsorption solar crystallizer device 

 

Figure 4-1. Schematic illustration of the structure of selective adsorption solar crystallizer device 

and the functional evaporation layer. (A) Schematics of selective adsorption solar crystallizer 
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device; (B) synthesis procedure of the zeolite W (step 1 and 2) and fabrication of the 

zeolite@fabric by loading zeolite onto non-woven fabric (step 3). 

In order to recover potassium during the ZLD brine treatment, the SASC device is designed with 

the potassium adsorption property. As shown in Figure 4-1A, the SASC with square-cup structure 

is bi-layered in configuration. The inner layer is the commercial photothermal material (spectrally 

selective solar absorber, Alanod®) and serves to convert sunlight into thermal energy for 

evaporation. The outer layer is the hydrophilic fabric with the potassium adsorption property and 

serves as the functional evaporation layer. To endow the evaporation layer with potassium 

adsorption property, the functional fabric is fabricated by loading potassium absorbent onto the 

non-woven fabric (Figure 4-1B). Here, the zeolite W is chosen as the potassium absorbent. 

 

Figure 4-2. The cross-section view of the SASC. 

During operation of SASC, the source brine is wicked by capillary force by a non-woven strip in 

the middle of the solar crystallizer (Figure 4-2). When brine spreads over the entire functional 

evaporation layer, the embedded zeolite W can selectively absorb the potassium ion from the brine. 

In the meanwhile, the crystallization of unabsorbed potassium along with other ions in brine also 
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occurs as evaporation keeps going. Thus, the ZLD brine treatment and potassium absorption can 

be simultaneously achieved by SASC device.  

4.3.2 The characterization of zeolite W and zeolite@fabric 

 

Figure 4-3. The characterization of zeolite W and zeolite@fabric. (A) The SEM image of synthetic 

zeolite W; (B) the XRD patterns of synthetic zeolite W and characteristic pattern; (C) the 

adsorption capacity of zeolite W in pure KCl solution; the SEM image of (D) zeolite@fabric and 

(E) embedded zeolite W; (F) the adsorption amount of synthetic zeolite W and zeolite@fabric. 

The synthetic zeolite W exhibits a dumbbell-like shape with the length of around 10 μm (Figure 

4-3A). The dumbbell is formed by many square pillars and present radial-like as whole. Its specific 

surface area of zeolite W was measured as 33.37 m2 g-1 using the Brunauer-Emmett-Teller (BET) 

method. As shown in Figure 4-3B, the X-ray diffraction pattern of synthetic zeolite sample 

coincides with the characteristic pattern of zeolite W (JPCDS 86-1110), demonstrating the 

formation of zeolite W. The potassium adsorption capacity of zeolite W was then measured by 

pure potassium chloride (KCl) solution with different concentration at room temperature 



122 

 

(296.15±1 K). When the concentration of potassium is higher than 1000 ppm, the zeolite W reaches 

its saturation adsorption of around 140 mg g-1.  

The adsorption mechanism of potassium ion into zeolite W fits the Langmuir model. The Langmuir 

model assumes that the specific site in absorbent can only accommodate one molecule and repel 

the access of others. The Langmuir model can be described by following linear equation: 

𝐶𝑒

𝑞𝑒
=

1

𝑏𝑞𝑚
+

𝐶𝑒

𝑞𝑚
 

where 𝒒𝒆 (mg g-1) is the potassium adsorption amount of zeolite W in the solution with potassium 

concentration of 𝑪𝒆 (mg L-1) at equilibrium, 𝒒𝒎 (mg g-1) is the saturation adsorption amount of 

zeolite W and  𝒃 (L mg-1) is the Langmuir constant. 

Based on the equilibrium data of potassium adsorption into zeolite W in pure potassium chloride 

solution, the linear fit of the Langmuir model was shown in Figure 4-4. The theoretic saturation 

adsorption amount of zeolite W is calculated as 137.9 mg g-1, which is consistent with experiment 

results. The Langmuir constant is calculated as 0.0570 L mg-1. The 𝑹𝑳 value can used to evaluate 

the tendency of the adsorption process, which is defined as following equation: 

𝑅𝐿 =
1

1 + 𝑏𝐶0
 

where 𝑪𝟎 is the concentration of potassium ion in raw solution. If the value of 𝑹𝑳 is between 0 and 

1, the potassium adsorption process is favorable, otherwise unfavorable. For the seawater 

desalination brine, the potassium concentration is 950 mg L-1. The corresponding 𝑹𝑳 is calculated 

as 0.018, indicating the potassium adsorption process of zeolite W in seawater desalination brine 

is favorable. 
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Figure 4-4. The linear fit of the Langmuir model. 

Then the KCl solution was replaced by seawater desalination brine (collected from the SWRO 

plant inside KAUST, detailed chemical composition in Table 4-1), the zeolite W exhibited a 

significantly reduced adsorption capacity (Figure 4-3C). This is because the relative low 

concentration of potassium in brine (950 ppm) compared with other competitive cation with high 

concentration (Table 4-1). 

The zeolite W is loaded onto the non-woven fabric by using cellulose acetate as adhesive. The 

SEM image shows zeolite@fabric remains the highly porous structure (Figure 4-3D), serving as 

the pathway of brine transport. Meantime, part of the surface of zeolite W is covered by cellulose 

acetate (Figure 4-3E). This explains the adsorption capacity of zeolite@fabric (calculated from the 

amount of absorbed potassium and the weight of zeolite W, similarly hereinafter) in brine is 

slightly lower than that of zeolite powders (Figure 4-3F). To exclude the influence of non-woven 

fabric base and cellulose acetate on the potassium adsorption, a control experiment is conducted 

by using blank fabric. The blank fabric was fabricated following the same procedure of 

zeolite@fabric, but without zeolite W. After adsorption using blank fabric, the concentration of 

potassium in brine was unchanged, indicating neither non-woven fabric nor cellulose acetate does 

not have potassium adsorption capacity.  
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When measure the adsorption capacity of zeolite@fabric in brine, its selectivity coefficient was 

also calculated. Due to the sodium ion is the main competitive ion in brine, only the competition 

between the sodium and potassium is considered in this work. The selectivity coefficient of 

potassium over sodium can be calculated by the following equation: 

K =
𝐴𝑆𝐵𝐿

𝐵𝑆𝐴𝐿
 

where K is the selectivity coefficient of potassium over sodium, AS and BS is the molar fraction of 

potassium and sodium in the zeolite respectively, AL and BL is the molar fraction of potassium and 

sodium in liquid phase respectively. Here, the value of selectivity coefficient of zeolite@fabric in 

bulk adsorption is calculated as 12.3. 

4.3.3 Potassium extraction performance 

 

Figure 4-5. The performance of SASC when treating seawater desalination brine. (A) The labmade 

experiment setup; (B) the evaporation rate of solar crystallizer under one sun illumination (insert 
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is the IR image of solar crystallizer); (C) the adsorption amount of SASC and bulk adsorption; (D) 

the molar ratio of potassium to sodium in raw brine and recovered solution; (E) the recovery rate 

of potassium; (F) the adsorption amount of SASC for ten cycles. 

The performance of the SASC device was evaluated by a lab-made experiment setup (Figure 4-

5A) with SWRO brine as source water. According Chapter 1, the direct treatment of this brine by 

solar crystallizer is not feasible because the formation of scaling can block the solar crystallizer 

and result its failure. To avoid scaling formation, small amount of NTA was add into the source 

water. The adding amount of NTA was 0.1 wt% of the weight of source brine. As shown in Figure 

4-6A, without NTA, the evaporation rate of SASC would gradually reduce and was only 0.5 kg m-

2 h-1 after 20 hours. This was due to the dense salt layer formed by seawater desalination brine 

blocked the evaporation layer (Figure 4-6B). After adding NTA, the evaporation rate of SASE was 

stable and the accumulated salt became dendritic and fluffy (Figure 4-6C). The SEM observation 

also presented this obvious contrast. Without NTA, the salt crystals covered all of the fibers (Figure 

4-6D) and blocked the pore space of fabric. Moreover, the zeolite loaded on the fabric was wrapped 

by the crystals (Figure 4-6E), which blocked its contact with brine. In other words, the SASE 

stopped work, not only the evaporation but also the adsorption. With NTA in brine, the fabric was 

salt free (Figure 4-6F) and all of the zeolite was exposed directly to brine (Figure 4-6G), indicating 

the necessary of NTA in the source brine. 
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Figure 4-6. The effect of nitrilotriacetic acid (NTA). (A) The evaporation rate of device with and 

without NTA in source brine; the photograph of device after 20-hour operation (B) without NTA 

and (C) with NTA in source brine; the SEM image of fabric (D) without NTA and (F) with NTA 

in source brine; the SEM image of zeolite loaded on fabric (E) without NTA and (G) with NTA in 

source brine. 

Under one sun illumination, a stable high evaporation rate of 1.8 kg m-2 h-1 was recorded (Figure 

4-5B), which stayed steady after the first hour. This high evaporation rate can be ascribed to the 

low temperature of solar crystallizer (insert of Figure 4-5B) that results additional environmental 

energy harvest from surroundings. 

As the key component of SASC, the zeolite@fabric can selectively absorb potassium from brine 

while unabsorbed potassium and other ions keep concentrating and then form crystal salts. After 

different operation time, the evaporation layer was separated from SASC and rinsed by DI water 

quickly. Then it was immersed into recovered solution (20 wt% NH4Cl solution) to release the 

recovered potassium. As presented in Figure 4-5C, the adsorption amount of potassium increased 
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linearly during the first 24 hours and then reached saturation of 51.8 mg g-1. As a comparison, the 

bulk adsorption experiments were also conducted by directly immersing zeolite@fabric into the 

same volume of brine containing NTA as that treated by SASC. In the case of bulk adsorption, the 

zeolite@fabric shows the adsorption capacity of 43.4 mg g-1, which is only 83.8 % of that inside 

SASC. Considering raw brine as the liquid phase, the apparent selectivity coefficient of 

zeolite@fabric in SASC adsorption is calculated as 18.3, which is 48.8% higher than that in bulk 

adsorption. These advantages of SASC can be ascribed to its special ion concentration effect, 

which will be detailed discussed later. 

Due to the present of competitive adsorption, the recovered solution contains both potassium and 

sodium. As shown in Figure 4-5D, the molar ratio of potassium to sodium in raw brine was as low 

as 0.032. After treating by SASC, the molar ratio was been significantly increased to 0.59 in the 

recovered solution. This molar ratio in recovered solution is also higher than that achieved in bulk 

adsorption, which was only 0.39. The further separation of potassium from recovered solution has 

mature solutions already, and thus is not elucidated here. 

The recovery rate, defined as the ratio of recovered potassium to total potassium in treated brine, 

was carefully calculated (Figure 4-5E). As the operation time increasing, the recovery rate kept 

decreasing. In practical application, the proper operation time should consider both the recovery 

rate and the adsorption amount, in order to achieve the balance between the efficiency of brine 

treatment and the profitability of potassium extraction. After releasing potassium, the 

zeolite@fabric can be regenerated. The SASC treatment, potassium releasing and regeneration 

was repeated for 10 times and there is no significant reduction of adsorption performance observed 

(Figure 4-5F). The SEM observation also indicates there is no significant change of zeolite@fabric 
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after 10 cycles (Figure 4-7). The excellent cycle performance thus provides a promising durability 

of SASC for practical applications. 

 

Figure 4-7. The SEM image of zeolite@fabric after 10 cycles. (A) The observation of 

zeolite@fabric; (B) the observation of embedded zeolite W. 

4.3.4 Solar still mode 

 

Figure 4-8. The structure and performance of SASC in solar still mode. (A) The labmade 

experiment setup of solar still mode; the photographs of (B) SASC inside solar still and (C) SASC 

covered by condensation shell, 1-The SASC device, 2-the base of condensation shell fabricated by 
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3D printing, 3-the lab made stand for supporting, 4-the copper shell, 5-the transparent roof; (D) 

the adsorption amount of SASC; (E) the evaporation rate and corresponding water collection rate 

of SASC. 

The SASC can also be operated in solar still mode to collect freshwater. A copper shell with 

transparent roof was used as an additional condensation component (Figure 4-8A). The shell was 

supported by a lab-made stand and did not contact with the SASC device (Figure 4-8B and C). 

Under solar still mode, the adsorption capacity of SASC was almost the same as that without 

condensation component (Figure 4-8D). However, it took 32 hours to reach the saturation, due to 

the reduced evaporation rate (Figure 4-8D), which was less than 40% of that without condensation 

component. Meanwhile, the water vapor was condensed and then collected by the shell. The 

freshwater collection rate was ~0.6 kg m-2 h-1 (Figure 4-8E), which further improves the water 

recovery rate of ZLD brine treatment. 

4.3.6 Special ion concentration effect of SASC  
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Figure 4-9. The ion concentration distribution inside SASC without adsorption process. (A) The 

transport of water and ions in the SASC; (B) the simulation result of ion concentration distribution 

profile inside SASC when it reaches steady state; (C) the change of average ion concentrations and 

corresponding molar ratio of potassium to sodium over operation time.  

The selectivity coefficient is one important characteristic of zeolite and zeolite@fabric, which 

should not be affected by the liquid phase. However, the apparent selectivity coefficient of 

zeolite@fabric in SASC adsorption was significantly higher than that in bulk adsorption. The 

reasonable explanation is that the molar fraction of potassium in raw brine, which is used for 

calculation, is much lower than the actual value inside SASC. This selective concentration of 

potassium by SASC can be called ion concentration effect.  

Considering the precise measurement of ion concentration inside evaporation layer is difficult, a 

COMSOL model was then employed to exhibit the ion concentration effect of SASC. As presented 

in Figure 4-9A, the raw brine is carried up by the strip from the bulk brine to the bottom of the 

evaporation layer. Afterwards, the brine is transported from the bottom to the top edge of 

evaporation layer. During this process, the solar-driven water evaporation process keeps removing 

water out. To simplify the model, it is assumed that the evaporation rate is uniform on the 

evaporation surface. As water evaporating, the concentration of each ion gradually increases when 

it approaches to the top edge.  

The transport of brine is governed by following equations: 

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌(𝑢 ∙ ∇)𝑢 = ∇ ∙ [−𝑝𝐼 + 𝑘] + F 

𝜌∇ ∙ 𝑢 = 0 
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where 𝝆 is the density of brine, 𝒖 is the velocity field of brine, 𝒕 is time, 𝒑 is the pressure, 𝑰 is the 

identity tensor, 𝒌 is the deviatoric stress tensor and 𝐅 is the gravity. The first equation is the 

conservation form of Cauchy momentum equation, in which 𝝆
𝝏𝒖

𝝏𝒕
 represents time-dependent 

velocity field change, 𝝆(𝒖 ∙ 𝛁)𝒖 represents the gradient of velocity,  𝛁 ∙ [−𝒑𝑰 + 𝒌] represents the 

hydrostatic effects and the divergence of deviatoric strass. Due to brine is incompressible fluid, 

the flow of brine is also restricted by the second equation, which represents the net flow of brine 

inside each mesh element is zero. 

Inside the evaporation layer, the ions move with the flow of brine and diffuse along the 

concentration gradient. The movement of ion is governed by: 

𝜕𝑐𝑖

𝜕𝑡
+ ∇ ∙ (−𝐷𝑖∇𝑐𝑖) + 𝑢 ∙ ∇𝑐𝑖 = 𝑅𝑖 

where 𝒄𝒊 is the concentration of ion, 𝑫𝒊 is the diffusion coefficient of ion and 𝑹𝒊 is the reaction 

rate of salt. In this equation, 
𝝏𝒄𝒊

𝝏𝒕
 represents the time-dependent ion concentration change, 𝛁 ∙

(−𝑫𝒊𝛁𝒄𝒊) represents the ion diffusion under the concentration gradient, 𝒖 ∙ 𝛁𝒄𝒊 represents the ion 

movement caused by brine transport, and 𝑹𝒊 is the reaction rate of reaction module, in which the 

reaction is used to simulate crystallization process. The 𝑹𝒊 is set as follows: 

𝑅𝑁𝑎 = −𝑓𝑢𝑛𝑐(
𝑐𝑁𝑎𝑐𝐶𝑙

𝐾𝑠𝑝𝑁𝑎𝐶𝑙
) 

𝑅𝐾 = −𝑓𝑢𝑛𝑐(
𝑐𝐾𝑐𝐶𝑙

𝐾𝑠𝑝𝐾𝐶𝑙
) 

𝑅𝐶𝑙 = 𝑅𝑁𝑎 + 𝑅𝐾 
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where 𝑲𝒔𝒑𝑵𝒂𝑪𝒍 is the solubility product constant (Ksp) of sodium chloride and 𝑲𝒔𝒑𝑲𝑪𝒍 is the Ksp 

of potassium chloride. The 𝒇𝒖𝒏𝒄(𝒙) is a piecewise function as follows: 

𝑓𝑢𝑛𝑐(𝑥) = {

0 𝑥 < 1
𝐶𝑢𝑏𝑖𝑐 𝑠𝑝𝑙𝑖𝑛𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 1 ≤ 𝑥 < 1.1

100 ∗ (𝑥 − 1.05) 𝑥 ≥ 1.1
      

Take 𝑹𝑵𝒂 as an example. When 
𝒄𝑵𝒂𝒄𝑪𝒍

𝑲𝒔𝒑𝑵𝒂𝑪𝒍
 is less than 1, the value of 𝑹𝑵𝒂 is 0, which means the 

crystallization will not happen. When 
𝒄𝑵𝒂𝒄𝑪𝒍

𝑲𝒔𝒑𝑵𝒂𝑪𝒍
 is greater than 1, the value of 𝑹𝑵𝒂 is higher than 0 

and the chemical reaction with the reaction rate of 𝑹𝑵𝒂 will remove accumulated ions from the 

calculation domain, which is similar to crystallization process. 

When reaching the steady state, the model results indicated the average molar ratio of potassium 

to sodium in evaporation layer (calculated from the ion concentration profile of evaporation layer, 

Figure 5-9B) was 0.095, which was almost 3 times of that in raw brine. The simulation brine with 

the molar ratio of potassium to sodium of 0.095 was then prepared and used for bulk adsorption 

experiment. The zeolite@fabric exhibited the adsorption capacity of 79.6 mg g-1 in simulation 

brine, which is higher than that inside SASC. This should be ascribed to the uneven distribution 

of ion concentration inside evaporation layer, thus reduces the performance of zeolite@fabric. The 

change of average ion concentration in evaporation layer over time was also investigated. As 

shown in Figure 4-9C, though the concentration of sodium was always higher than potassium, the 

molar ratio of potassium to sodium keeps increasing and reaches the maximum after 24 hours. 

This coincides with the experimental result that the SASC reaches the saturation adsorption after 

24 hours.  

The ion concentration effect confirmed by simulation results revealed that the molar fraction of 

potassium does be enhanced by SASC. According to the definition equation of selectivity 



133 

 

coefficient, the higher molar fraction of potassium in liquid phase can result higher molar fraction 

of potassium in zeolite, in other words, the adsorption capacity. This also explains the SASC can 

achieve higher adsorption capacity than bulk adsorption. With the functional evaporation layer, 

the SASC can take full advantage of its ion concentration effect and exhibit higher adsorption 

performance compared with traditional bulk adsorption. 

4.4 Conclusion 

A selective adsorption solar crystallizer (SASC) device was developed. This multi-functional solar 

crystallizer can simultaneously achieve Zero-Liquid-Discharge brine treatment and potassium 

extraction. When treating brine from SWRO desalination plant, a stable high evaporation rate of 

1.8 kg m-2 h-1 and the potassium adsorption capacity of 51.8 mg g-1 was achieved under one sun 

illumination. Moreover, owing to the ion concentration effect, the adsorption capacity and the 

selectivity coefficient of SASC was enhanced by 19.5% and 48.8%, respectively, compared with 

traditional bulk adsorption. The SASC provides a new option for the potassium recovery during 

the ZLD brine treatment, which can also be expanded to the recovery of other valuable elements 

including lithium, rubidium, and uranium. 
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5. Conclusion and Future Perspective  

5.1 Conclusion 

The major conclusions from this dissertation are listed as follow: 

(1) Firstly, the formation of scaling when treating real seawater brine with a solar crystallizer was 

firstly confirmed. An anti-scaling mechanism, employing salt crystallization inhibitor to modulate 

the morphology of salt crystals, was proposed and successfully solved the troublesome problem of 

salt scaling. The combination of a solar crystallizer with the salt crystallization inhibitor enables a 

stable water evaporation rate of 2.42 kg m-2 h-1 and the presence of a small amount of salt 

crystallization inhibitor makes the regeneration of solar crystallizer possible, leading to long-term 

stable brine treatment operations. The high water evaporation rate of 48.0 kg m-2 per day achieved 

by the solar crystallizer array in outdoor field test also indicates its great potential for practical 

brine treatment.  

(2) The performance of a solar crystallizer depends on the solar-driven interfacial water 

evaporation (SIWE) process, which can be significantly enhanced by integrating convective 

airflow due to the considerable environmental energy harvesting. When extending the size of a 

solar crystallizer along the direction of convective airflow, both the experimental results and model 

simulation revealed that the maximum environmental energy harvesting can be achieved by a solar 

crystallizer of the proper length. The demonstration of ZLD brine treatment indicated that the 

convective airflow-integrated solar crystallizer can potentially reduce the equipment cost and 

energy consumption to 10% and 50% of commercial ZLD equipment, respectively, when treating 

5 m3 brine daily.  
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(3) A selective adsorption solar crystallizer (SASC) device was developed. The evaporation layer 

with potassium adsorption property makes it which can simultaneously achieve ZLD brine 

treatment and potassium extraction. Owing to the ion concentration effect of the solar crystallizer, 

the adsorption capacity and the selectivity coefficient of SASC was enhanced by 19.5% and 48.8%, 

respectively, compared with traditional bulk adsorption. Thus, SASC is promising in recovering 

resource during the ZLD brine treatment process. 

5.2 Perspective 

The suggested future works include: 

(1) Use of solar crystallizer to provide an in-situ remediation method for brine-contaminated soils. 

In this method, the solar crystallizer is employed as a salt tree to extract salt from brine-

contaminated soils (Figure 5-1A and B). Driven by solar energy, the brine in the soil will be wicked 

and evaporated by the solar crystallizer, only leaving salt outside the solar crystallizer (Figure 5-

1C). In order to further recover the water vapor and the latent heat of vapor condensation, a 

multistage membrane distillation device (Figure 5-1D) can be integrated into the solar crystallizer 

(Figure 5-1E). The condensate can be drained into soil, forming a solar-driven water cycle. The 

crystallization of brine takes place at the last stage of the device (Figure 5-1F and G).  Though this 

research is at a very early stage, preliminary experimental results have proven the feasibility of 

this method. 



139 

 

 

Figure 5-1. The in-situ remediation method using a solar crystallizer for brine-contaminated soils. 

(A) The design principle of a solar crystallizer for soil remediation; (B) the labmade setup of a 

solar crystallizer for soil remediation, 1- brine-contaminated soil, 2- solar crystallizer; (C) salt 

extracted from the soil by the solar crystallizer after operation for 24 hours; (D) the design principle 

of the multistage membrane distillation-based solar crystallizer (MSMD-SC) for soil remediation; 

(E) the labmade setup of MSMD-SC for soil remediation, 3- MSMD-SC, 4- collected condensate; 

the crystallization zone (F) before and (G) after operation for 48 hours. 

(2) Extend the anti-scaling mechanism from seawater desalination brine to other industrial brines. 

The essence of the anti-scaling mechanism is to employ a salt crystallization inhibitor to modulate 

the morphology of the crystals that dominate the salt formed by brine. In this dissertation, the 

nitrilotriacetic acid was used as the salt crystallization inhibitor to modulate the morphology of 

sodium chloride crystals, which are the component of seawater desalination brine. However, the 

composition of industrial brines varies, depending on the industrial sector. For example, the main 

composition of fuel gas desulfurization waste brine is sodium sulfate. In light of the complex 

composition of industrial brines, it is necessary to search for the corresponding salt crystallization 
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inhibitors for salt crystals other than sodium chloride, in order to expand the application scenarios 

of solar crystallizers. 

(3) Design a geometric shape for the evaporation interface to accelerate the environmental energy 

harvesting of solar crystallizer inside convective airflow. This dissertation mainly focused on the 

maximum amount of environment energy that can be provided by the certain convective airflow 

rather than the environmental energy harvesting rate. Further enhancement of the environmental 

energy harvesting rate is necessary to reduce the size of the solar crystallizer, which can directly 

cut down its cost. 

(4) Design and re-configure the selective adsorption solar crystallizer for the recovery of other 

valuable elements, including lithium, rubidium, and uranium, during ZLD brine treatment. On the 

one hand, the distribution of the absorbent inside the evaporation layer can be adjusted on the basis 

of the ion concentration distribution. On the other hand, the species of absorbent can be re-selected 

in the light of resource target. 

 


