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ABSTRACT 
Engineering can be made simple and more impactful by observing and understanding how organ-
isms in nature solve eminent problems. For example, scientists around the world have observed 
green plants thriving without organic food inputs using the complex photosynthesis process to 
kick-start a self-sustaining biochemical food chain. In this study, two biological analogues for ad-
vanced water treatment, i.e., visible-light photocatalysis using porphyrin-Bi12O17Cl2 and BiOIO3 
compounds and interfacial solar desalination by a by Reduced Graphene Oxide-Black TiO2 (rGO-
Black TiO2) were investigated. For the visible-light photocatalytic process for dye decolouration, 
a porphyrin@Bi12O17Cl2 system was applied to successfully degrade Rhodamine B dye in batch 
experiments, achieving up to 79% degradation within 240 minutes. These results show that more 
advances and more efficient engineered systems can be achieved by observing nature and how 
these systems have survived over billions of years. The rGO-Black TiO2 system achieved increases 
in temperature for 25oC to 60oC in less than 5 seconds. Based on these observations, the re-
search group from the Water Utilisation Group at the University of Pretoria have studied and de-
veloped fundamental processes for the degradation and remediation of unwanted compounds 
such as disinfection byproducts (DBPs), volatile organic compounds (VOCs) and pharmaceutical 
products from water. 

Keywords: solar desalination, heterogenous photocatalysis, 3D-printed Graphene Oxide, advanced water 
treatment, biological analogues.

 INTRODUCTION 

Desalination 
The crucial demand for sustainable and eco-friendly 

desalination technologies propelled by renewable energy 
is essential for overcoming global water scarcity. Solar 
desalination has been recognised as a prominent tech-
nology as it exploits solar energy to produce clean water 
through sufficient thermal management and the localisa-
tion of heat using a solar absorber [1].  

Currently, Reverse osmosis (RO) is the most broadly 
used process for saline water treatment, as well as indus-
trial and drinking water. Roughly 53 % of the feed water 
for RO systems is seawater followed by mostly brine, 
fresh water, and treated wastewater. The multi-stage 

flash (MSF) and multi-effect distillation (MED) are the 
second and third most used technologies, respectively. 
Reverse osmosis, MED and MSF technologies constitute 
94 % of the overall desalinated water produced. Solar-
powered desalination via photovoltaic desalination and 
solar thermal evaporation constitute less than 1 %. Of the 
global freshwater desalinated, membrane-based pro-
cesses account for 71 % of the total capacity produced 
and thermal processes make up the other 29 %. This dis-
plays the historical mass application of membrane-based 
desalination technologies. The advantage of utilising 
seawater RO or brackish water RO is due to the total en-
ergy costs of seawater RO (3 – 4 kWh·m-3) and brackish 
water RO (0.5 – 2.5 kWh·m-3) desalination being lower 
than the energy required for thermal desalination 
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technologies such as MSF (14 – 25.5 kWh·m-3) and MED 
(6.5 – 11 kWh·m-3) which requires the use of electrical 
and thermal energy. The energy cost difference between 
seawater RO and brackish water RO is due to brackish 
water having a substantially lower osmotic pressure 
compared to seawater and thus requiring less energy. 
The high salinity concentration of seawater limits the os-
mosis process due to affecting the osmosis pressure, re-
quiring more energy. However, the economic cost of sea-
water desalination using MSF or MED is proportionate to 
that of RO as a result of the lower investment costs. The 
availability and cost of energy account for more than 30 
% of the total desalination cost. It is estimated that the 
present global desalination capacity roughly consumes a 
minimum of 75.2 TWh annually, which is equivalent to 0.4 
% of the global electricity usage. 

Solar-driven absorbers generally involve a mono or 
bi-layer design, comprising a solar-light absorber and a 
floating substrate. The solar absorber converts incident 
light into heat energy, while the floating substrate facili-
tates water transfer to the active vapour generation site 
and minimising heat energy loss through conduction [2].  

The ongoing challenge of salt accumulation on the 
surface of the solar absorber as a result of the high salt 
concentration in the bulk water body leads to the ob-
struction of light absorption, subsequently hindering 
freshwater vapour release and efficient photothermal ef-
ficiency [1]. 

Recent research motivated by the modification of 
natural saline inhabiting vegetation (halophyte plants) 
has been employed to embrace the biomimetic principle 
for numerous engineering practices such as freshwater 
steam generation and salt rejection [3] Naturally, plants 
possess inherent capabilities which harness solar energy 
and groundwater in the photosynthesis process to create 
oxygen and carbohydrates. For example, trees make use 
of their trunk and leaves for continuous nutrient and wa-
ter transfer for nourishment. This principle has inspired 
wood-based solar absorbers for solar steam generation. 
For example, carbon nanotube-modified flexible wood 
membranes [4] and graphite-coated wood solar absorb-
ers [5] have demonstrated great potential. 

Sun et al. proposed a three-dimensional (3D) solar 
evaporator inspired by the outer shell structure of Vasti-
cardium vertebratum, demonstrating a 95% evaporation 
efficiency and a superb evaporation rate of 1.73 kg/m2·h 
while effectively preventing salt accumulation [3]. Fur-
thermore, mangrove-inspired configurations [6]  provide 
promising potential aimed at bio-mimicking solar absorb-
ers. This is driven by the inherent water transfer and salt-
tolerant characteristics of mangrove trees which regulate 
water and ion absorption [6]. Solar absorbers utilising a 
graphene oxide-reduced graphene oxide (GO-rGO) lotus 
leaf-inspired Janus film [7]  or mangrove-mimicked de-
signs have displayed efficient photothermal conversion 

performance and high evaporation rates of seawater [8]. 
Black titanium dioxide (TiO2) has the ability to ab-

sorb immense ultraviolet-visible (UV-Vis) light for chem-
ical or electrical energy conversion owing to the en-
hanced photocatalytic performance from the introduc-
tion of lattice disorder. Black TiO2 can be obtained by es-
tablishing oxygen vacancies and Ti3+ doping into the TiO2 
lattice using chemical reduction [9]. The combination of 
carbon-based materials such as GO with TiO2 has dis-
played a synergistic effect between the two constituents 
as the photoactive TiO2 integrates with the adsorption 
potential imparted by carbon. Carbon can assist in 
charge separation and obstruct electron-hole recombi-
nation in TiO2 [10] . 

The bio-inspired structural fabrication of rGO was 
designed for water and heat transfer abilities similar to 
that of plant root cells. Black TiO2 can be utilised to mini-
mise light reflection and efficiently absorb light across 
the UV-near infrared region, inspired by black snake 
scales. 

Photocatalysis 
Recently, photocatalysis has garnered attention for 

pollution mitigation. The technology is amenable to visi-
ble light activation which make up 42%–43% of the solar 
spectrum [11]. To cut down on greenhouse gases emis-
sion, the leaning towards solar-driven processes is una-
voidable. Solar energy is renewable and abundant. 

In Photocatalytic process semiconductor photo-
catalyst, materials are activated by sufficient  photon to 
generate electrons (e-) and holes (h+) [12].  The e- and h+  
in subsequent reaction with dissolved O2 and H2O pro-
duce  superoxide anion radicals (•O2-) and hydroxyl rad-
icals (.OH), with the ability to destroy adsorbed pollutant 
on the photocatalyst [13-15].  

Generation of abundant e- and h+, separation and 
boosting redox ability is crucial for material performance. 
These have been achieved via plasmon resonance effect 
[16]heterojunction formation [17], ion doping [18], photo-
sensitization effect [19] and other strategies. In photo-
sensitization strategy light sensitive  or absorbing mate-
rial such as porphyrin are apply to photocatalyst enhance 
visible light utilization [20], and ultimately the photocata-
lytic ability of photocatalyst.  

Porphyrins are organic molecules are similar to the 
structure of chlorophyll in plant. They are efficient ab-
sorber of visible light, producing a photochemical reac-
tion [21]. Porphyrin can be modified into different shapes 
sucha s rods, hexagonal, hollow spheres, tubes [22]. The 
complexity of versatility of in terms of assembly of the 
molecules make them useful in various application includ-
ing photocatalysis. Porphyrin have been combined with 
graphite carbon nitrides [23]; Fe3O4 [24]; TiO2 [25], BiOCl 
[26], ZnO nanofiber composite [27], graphene [28] and 
Bi12O17Cl2 [29], where they demonstrated enhanced 
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photodegradation in comparison with individual porphy-
rin and the inorganic photocatalyst components. 

Solar desalination is viewed as one of the most sus-
tainable ways of dealing with the global energy challenge 
with emerging technological advancements. The tech-
nology is highly efficient in that the solar energy is tar-
geted at the interface between a water surface and solar 
absorbing material to achieve evaporation with minimal 
energy losses. In addition, notable innovations can be 
found in adsorption desalination and energy-efficient 
freeze desalination. The work outlined here has been pa-
tented by several leading researchers around the world 
but no full-scale plant has not yet been built to demon-
strate the economic feasibility of this technology at the 
date of publication of this article.  

APPLICATIONS AND PERFORMANCES OF 
MATERIALS 

Performance of TiO2/rGO in Desalination 
Excellent solar absorption potential across the UV-

Vis solar spectrum for solar absorbers is crucial for 
achieving efficient desalination [30]. As presented in Fig-
ure 1, the black TiO2/rGO composite exhibited remarkable 
light absorption potential across the ensure UV-Vis re-
gion in comparison to white TiO2 which displayed good 
UV light absorption with almost no visible light absorption 
and rGO showed excellent visible light absorption, how-
ever, the light absorption across the UV spectrum was 
similar to that of white TiO2. Therefore, demonstrating the 
enhanced light absorption performance of the composite 
where the beneficial attributes of each component act 
synergistically. 

 
Figure 1. UV-Vis DRS spectra of rGO, white TiO2, and 
black TiO2/rGO. 

In solar-driven desalination, the water evaporation 

rate can be determined using [31]. 

𝑣𝑣 = ∆𝑚𝑚
𝐴𝐴×𝑡𝑡

      (1) 

Where v is the evaporation rate (kg/m2·h), ∆m is the 
change in mass due to water evaporation (kg), A repre-
sents the evaporation area (m2), and t is the duration of 
the evaporation process (h). The photothermal conver-
sion or steam generation efficiency, η, can be determined 
using [5] : 

𝜂𝜂 = 𝑣𝑣∙𝐻𝐻𝐿𝐿𝐿𝐿
𝑃𝑃

     (2) 

𝐻𝐻𝐿𝐿𝐿𝐿 = ℎ𝑣𝑣 + 𝐶𝐶∆𝑇𝑇    (3) 

Where HLV is the total liquid-vapour phase change 
enthalpy, P is the solar power density (1 kW/m2), hv rep-
resents the latent heat of vaporisation (kJ/kg), C is the 
specific heat capacity of water (4.2 kJ/kg·K), and ∆T is 
the temperature increase of water (K). The freshwater 
vapour generation (Figure 2b) was determined to be 1.19 
kg/m2·h with an 82.38% photothermal conversion effi-
ciency. The solar absorber displayed a surface tempera-
ture increase of 23.8°C (Figure 2a) within 120 min of 
commencing the desalination test. Furthermore, the bio-
inspired solar absorber demonstrated effective salt re-
jection of the surface owing to the small interlayer spac-
ings and the negatively charged surface of the rGO na-
nopores. 

 
 
Figure 2. IR thermal images of the black TiO2/rGO solar 
absorber (a) and photos of the solar desalination test (b) 
taken every 30 min. 

Performance of Porphyrin/Bi12O17Cl2 in 
Pollutant Degradation  

Tetrakis (4-carboxyphenyl) porphyrin (TCPP), a 
member of porphyrin, coupling with Bi12O17Cl2 improved 
its performance. First, TCPP was modified to a rod shape 
and applied to Bi12O17Cl2 to form composites. 

The degradation study was carried out using Rho-
damine as a model pollutant. The experiment involved a 
simple batch degradation study in a beaker, where TCPP-
Bi12O17Cl2 composite was dispersed in the solution of 
Rhodamine dyes. The reaction was sufficiently stirred in 
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the dark to achieve absorption-desorption equilibrium. 
Thereafter, it was irradiated with visible light to initiate 
the photocatalytic degradation of the dye. The result of 
dye degradation overtime on the materials 
0.02%wtTCPP-Bi12O17Cl2,0.4%wtTCPP-Bi12O17Cl2 

1%wtTCPP-Bi12O17Cl2, Bi12O17Cl2, TCPP are presented in 
Figure 3. Within 240 min, the 52%, 68%, 79%, 40% and 
20% degradation were achieved. 

 
Figure 3. Photocatlytic decolourization of Rhodamine B 
dye 

The performance of the TCPP/Bi12O17Cl2 was at-
tributed to the expanded visible light response and com-
posite/heterojunction formation. Figure 4(a) shows the 
shift of the absorption edge of pristine Bi12O17Cl2 with the 
introduction of TCPP. The enhanced visible light re-
sponse favoured increased electrons and hole genera-
tion from the sufficient capture of the visible light by the 
porphyrin molecules.  Figure 4(b) shows the material's 
Electrochemical impedance spectroscopy (EIS). Data 
from EIS provide transport and separation of electrons 
and holes. A smaller semi-circle observed with TCPP-
load Bi12O17Cl2 indicates superior transport and separa-
tion of the photogenerated electron and hole, the reason 
for the strengthened photodegradation activity of the 
dye. 

 
Figure 4. UV vis DRS (a) and EIS spectra of material (b) 

When porphyrin-Bi12O17Cl2 is exposed to visible light, 
electrons are excited from the highest occupied molecu-
lar orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO) [32]. These excited electrons in the LUMO 
are subsequently transferred to the conduction band 
(CB) of the host material  [25], effectively separating 
them from the corresponding holes [33]. This separation 
enhances the photocatalytic efficiency of the system. 

CONCLUSION AND FUTURE WORK 
In summary, the bioinspired 3D black TiO2/rGO solar 

absorber demonstrated efficient freshwater evaporation 
and photothermal conversion efficiency. This can be at-
tributed to the successful mimicking of plant root cells for 
water transfer and the light absorption ability of black 
snake scales. These results show the promising potential 
for further advancing bioinspired photothermal solar ab-
sorbers.  

Also, using porphyrin, a biological analogue of chlo-
rophyll, proved advantageous for visible light capture in 
the porphyrin-Bi12O17Cl2 system for pollutant degradation.  

This work reported on one example of the porphy-
rin-BixOyXz system, TCPP-Bi12O17Cl2. The porphyrin-Bix-
OyXz system is diverse considering the many forms of 
porphyrin structures and morphologies available, as well 
as BixOyXz. Further exploration of the combinations, 
therefore, in the system holds potential in photocatalysis. 
Porphyrin-BiOIO3 is also proposed, where the visible light 
absorption of BiOIO3  enhancement is envisaged. Com-
paratively, BiOIO3 has good electron and hole separation 
upon activation. However, it cannot be activated due to 
the wide gap energy, hence the proposed composite with 
porphyrin. 
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