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Abstract: Heavy metals are frequently present in industrial effluent, and their excess can be detrimental
to human health. Therefore, industrial wastewater needs to be treated before it can be discharged. Key
solutions for the treatment of heavy metal wastewater are analyzed and evaluated based on existing
research, taking into account elements like removal effectiveness, cost, ease of recycling, and number
of reuses. This paper introduces two conventional and three novel heavy metal removal technologies
are presented. The fundamental ideas, ideal circumstances, benefits, and drawbacks of each technology
are summarized, along with a prediction of future technical developments. Although nanosorbents and
microbial fuel cells are very efficient, their expenses are expensive. Membrane technology has a wide
range of potential applications and is a great choice for the removal of heavy metals when combined
with other technologies. Future wastewater treatment for heavy metals has a bright future thanks to all
of these technologies.
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1. Introduction

Heavy metals are very toxic, bioconcentrate quickly, and degrade slowly in the environment.[!]
Industrial wastewater frequently contains heavy metals including cadmium (Cd), arsenic (As),
chromium (Cr), copper (Cu), zinc (Zn), mercury (Hg), lead (Pb), etc.!”! As a result, the vast majority of
industrial effluent must be treated before being discharged. If wastewater containing heavy metals is
not treated using appropriate technology, the level of heavy metals will rise over acceptable levels,
endangering the health of all species, including humans. Zhou Qiaogiao et al.l’) found that the
concentrations of heavy metals in dissolved cadmium, zinc and arsenic in river and lake waters in
China showed an increasing trend between 1980 and 2016; Jian Yantao et al.*! investigated that the
current heavy metal content in lake water bodies showed a sharp increase. Heavy metal wastewater
treatment has become a popular topic for research. The most generally used methods for removing
heavy metals are chemical precipitation and traditional adsorption because they are both easy to use,
adaptable, and affordable. However, traditional adsorption is less efficient and selective, while
chemical precipitation results in toxic sludge.” Ion exchange and standard electrochemical techniques
are among the conventional treatment procedures that have good removal efficiency and the ability to
recover heavy metals, but both are expensive and create little sludge. %1 A number of researchers have
carried out innovations and studies on new heavy metal removal technologies and combined processes,
taking into account the influencing factors of the new technologies (e.g. temperature, pH, etc.), heavy
metal recoverability, cost, removal efficiency, etc., and carried out experimental designs to produce
evaluation results. This paper summarises several key technologies for the treatment of heavy metal
wastewater and provides an outlook on their development trends, providing a theoretical basis and new
ideas for future technological innovation.

2. Conventional heavy metal treatment technologies
2.1 Chemical precipitation method

Chemical precipitation is currently one of the most commonly used techniques in wastewater
treatment applications due to its low cost and simplicity of operation. The basic principle is to remove
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heavy metals from wastewater by adding a precipitant that converts soluble heavy metal ions into
precipitates.”? Hu Yunjun et al.l®! investigated and compared the removal of Hg(Il) by four trapping
agents, sodium sulphide, calcium hydroxide, dithiocarbamates (DTCR-2) and 2,4,6-trithiolyl sodium
thiotriazine (TMT-18B). The results of this experiment indicate that DTCR-2 was the most effective
and the best removal of Hg (II) was achieved at pH 8 with a 10 minutes’ reaction. In addition, Cu (II),
Pb(II) and Cd(II) in the wastewater inhibited the removal of Hg(Il), while Zn(IT) promoted the removal
of Hg(II). Shao Hongyan et al.”’ improved the sulfide, so the removal of Cd(Il) from wastewater with
Na,S-Al(SO4)3-PAM system could reach 99.9%. Wang Junjie et al.[' synthesized the heavy metal trap
MBMIPA with mercaptoethylamine hydrochloride and m-phenylene dicarbonyl chloride. The removal
for a single copper-containing wastewater could achieve 99.5%, while the removal for a single
mercury-containing wastewater achieved 99.83% .

2.2 Traditional adsorption methods

The key to adsorption is the adsorbent. There are two main forms of adsorption: physical and
chemical. The basic idea is that adsorbents with large specific surface area or unique functional groups
absorb heavy metal ions in water.[''! Some studies have shown that peanut shells can adsorb Cu (II), Pb
(II), Cd (II), Ni(II) and Cr(Ill) in wastewater. By comparison, the peanut shells were found to adsorb
the largest amount of Pb (II) at 32.25 mg/g!'? . Pingxiao Wu et al.'3l did a study which was conducted
on modified iron montmorillonite. The results of this study showed that the adsorption of Cd (II) was
enhanced by the modified iron montmorillonite compared to the original montmorillonite, and the
adsorption of Cd (II) by iron montmorillonite increased with the increase of pH. Zhou Limin et al.l'¥
found that fly ash also had adsorption capacity for Cd(II) and Ni(II), and the adsorption efficiency of
fly ash for heavy metal ions increased with increasing pH. The factors influencing the adsorption of
adsorbents have been summarised in studies, mainly pH, adsorption time, initial heavy metal ion
concentration and temperature!!*-1] |

3. New heavy metal treatment technologies
3.1 Novel nanosorbent materials

Nanomaterials (NMs) are defined as a kind of materials with geometrical dimensions up to the
nanoscale and with special properties.l'”! Nanomaterials have a wide range of applications as new
adsorbents in the treatment of heavy metal wastewater.['®! Nanomaterials are used in a variety of
applications in heavy metal wastewater treatment. There are three types of nanomaterials used in heavy
metal wastewater treatment: carbon-based nanomaterials, metal nanomaterials, and nanocomposites. 1)
Nanomaterials are highly efficient and selective in removing pollutants from the environment, but they
also have the disadvantages of poor stability, aggregation and repeatability.’] By improving and
innovating nanomaterials, we can improve their disadvantages and obtain better adsorbent materials to
improve the removal efficiency of heavy metals.[?’! The improvement and innovation of nanomaterials
can lead to better adsorption materials and more efficient removal of heavy metals.

3.1.1 Carbon-based nanomaterials

Carbon based nanomaterials are available in various forms such as fullerenes, graphene (GR),
carbon nanotubes (CNTs), carbon nanofibres, carbon black, etc. [ Carbon nanotubes and graphene are
commonly used in water treatment applications. Carbon nanotubes (CNTs) have a unique structure,
high specific surface area and adsorption of some pollutants, and their use as adsorbents can remove
heavy metal ions. However, it also has the disadvantages of poor dispersion, difficult reuse and limited
adsorption capacity.?!l Therefore, researchers have modified carbon nanotubes to improve the
adsorption effect of carbon nanotubes.?®! Zhang Zhikun introduced two kinds of metal oxides on the
surface of carbon nanotubes, and calcined Mg-Al-CNTs and Mg-Fe-CNTs at high temperature. 22! The
study concluded that the carbon nanotubes modified by the bimetallic oxides could be reused seven
times, which greatly improved the reusability and the adsorption capacity of Cr(VI) compared to CNTs.
Shitong Yang et al.?3! investigated the adsorption of oxidised multi-walled carbon nanotubes
(MWCNTSs) on Ni(Il) at (20+2)°C, pH=6.4+0.1 and an initial Ni(II) concentration of 1.02x10** mol/L
for 0.8 g/L, 1.0 g/L and 1.2 g/L of MWCNTs, respectively. This study found that as the mass of the
multi-walled carbon nanotubes increased, the adsorption became better, but all reached adsorption
equilibrium at 2 hour. The adsorption of oxidised carbon nanotubes was not only influenced by the
mass of the carbon nanotubes but also by the pH value. Among them, the adsorption of Ni(Il) by
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oxidized carbon nanotubes reached 90% at pH=8.6.1231 Xu Di et al.?¥ found that the adsorption of Pb(II)
by oxidised multi-walled CNTs was influenced by the pH value, with the pH value between 7 and 10
being the optimum condition and the maximum adsorption efficiency reaching 90%. Wang Zhongbing
et al.? studied the multi-walled magnetic CNTs’ selective adsorption of heavy metals in wastewater
and found that they adsorbed Cd(II), Pb(I) and Cu(Il). The material showed the best adsorption for
Pb(II) with a maximum capacity of 215.05 mg/g. The adsorption of all three was most efficient at pH 6,
and this modified adsorbent has magnetic properties that facilitate the subsequent recovery of heavy
metals.

Graphene (GR) is a layered structure!?! with a large specific surface area.l*” It has good adsorption
capacity, but is poorly dispersed as it contains fewer functional groups.”?®! Graphene oxide (GO), a
derivative of graphene, has an oxygen-containing functional group, which increases the hydrophilicity
of GO and improves its dispersibility.?®! Guo Lijuan®!found that the maximum adsorption capacity of
modified graphene oxide material (TC-GO) reached 156.5 mg/g and 151.1 mg/g for Cu(Il) and Cd(II),
respectively, and the adsorption equilibrium was basically reached within two hours. The optimum pH
value for GO’s adsorption was about 7, while it was not greatly affected by temperature. Qiyu Lian et
al.B% studied the adsorption capacity of GOCS on Pb(II), and enhanced the adsorption capacity of GO
on Pb(Il) by modifying GO with carbon disulfide. The results of this experiment showed that when the
concentration exceeded 800 mg/L, the maximum adsorption capacity of GOCS was 383.4 mg/g, which
was 31% more than that of GO.

3.1.2 Metal nanomaterials and nanocomposites

The main metal nanomaterials used in water treatment are magnetic nanoparticles such as iron,
cobalt, manganese, triiron tetroxide and ferrite.?!! Duan Zhengyang et al.*?! studied the application of
magnetic Fe;O4 in heavy metal wastewater. Fe;O4 nanoparticles has great potential for application in
removing heavy metals from wastewater due to the simplicity of preparation, high specific surface area
and magnetic properties. It also has the advantage of using magnets for recycling in water. By
preparing ferrite nanoparticles and conducting experimental investigations, Jing Hu et al.l**! found that
the adsorption of MnFe,O4 reached adsorption equilibrium for Cr(VI) in 5 minutes at an optimum pH
of 2, and the adsorption efficiency was as high as 99.5%. Compared with the adsorption efficiency of
Fe;04 nanoparticles on Cr(VI), the adsorption efficiency of MnFe;O4 was higher[31 .

Current developments in sorbent innovation support the combination of Fe;O4 nanoparticles or
other kinds of materials to create new nanocomposites.*¥ Yuzhe Shi et al.*! investigated the
application of heavy metal removal technology and found that catechin-functionalised Fes;O4
nanoparticles possess good adsorption capacity for Cu(II), Cd(IT) and Pb(Il). The study showed that the
maximum adsorption efficiencies were 88.2%, 62.9% and 86.5% at an optimum pH of 8. Alaa E Alia et
al.?% synthesised a straw-cobalt ferrite nanocomposite (RS-CoFe204) which was a highly efficient
new nanocomposite. The removal rates of Fe and Mn were 84.25% and 92.45%, respectively, while the
removal rates of Cu, Cd, Pb, Ni and Zn were 100%. Yongxue Li et al.[**! synthesized a novel magnetic
chitosan nanocomposite (MCS/GO-PEI) modified with graphene oxide and polyethyleneimine. The
adsorbent displayed some repeatability and stability in use, with the best adsorption effects on arsenic
and mercury ions at pH=7 and pH=9, respectively. The maximum adsorption levels were 220.26 mg/g
and 124.84 mg/g, respectively.

3.2 Biotechnology

A microbial fuel cell (MFC) is a device that uses microorganisms as catalysts to oxidise inorganic
and organic substances in the absence of oxygen and convert chemical energy into electrical
energy.’%% Logan Bruce E et al.*!Inoted that microbial fuel cell devices must periodically replenish
the substrate of anodic oxidation in order to avoid being mistaken for a biological cell. Microbial fuel
cells, in the opinion of Minghua Zhou et al.*?l | have a lot of potential for treating wastewater. MFC is
classified into two types based on whether or not a proton exchange membrane exists: single-chamber
MFC and double-chamber MFC.[*1 A proton exchange membrane (PEM) is typically a membrane
chosen to permit one proton (such as H") to pass through.* Double-chamber MFC is extensively
utilized in heavy metal wastewater treatment. MFCs can be divided into three main categories based on
their structure: plant microbial fuel cells (P-MFC)™*] the sediment microbial fuel cell (S-MFC)“-47 and
artificial wetland microbial fuel cells (CW-MFC).[*8]

Mi-ax[*! simulates the treatment of Cu(Il)-containing wastewater with dual-chamber MFC, and
found that MFC treated Cu(II) wastewater in the micro-oxygen state (6-7 pmol/L dissolved oxygen)

Published by Francis Academic Press, UK
-15-


https://webvpn.gdou.edu.cn/https/77726476706e69737468656265737421e3f449932b317a1e7d0682a5d65b2621/home/search?sw=6&sw-input=Wang%20Zhongbing

Academic Journal of Environment & Earth Science
ISSN 2616-5872 Vol.5, Issue 3: 13-20, DOI: 10.25236/AJEE.2023.050303

had better removal effect than in the anaerobic state. With the increase of the initial concentration of
Cu(Il), the removal effect of Cu(Il) was better. However, this system showed competition between the
two ions when treating mixed Cu(Il) and Cr(VI) wastewater, which had an inhibitory effect on the
heavy metal removal effect. The experiment also investigated the removal effect of heavy metals with
different cathode materials, and the results showed that the removal effect of stainless steel sheet,
titanium sheet and graphite plate increased in order. Wei Zhao et al.*! Sun Caiyu et al.’!! simulated
soybean product wastewater and traditional Chinese medicine wastewater as the anode substrate and
cadmium-containing wastewater as the cathode solution respectively. The results showed that the Cd(II)
removal rate was 84.6% and 74.0% respectively, i.e. the Cd(II) removal rate of the soybean product
wastewater group was higher than that of the traditional Chinese medicine wastewater group. Wang
Yian et al.®? constructed the CW-MFC with a removal rate of up to 99% for Cr(VI) wastewater. Ding
Guoqing et al.l*¥) concluded that the removal efficiency of CW-MFC for heavy metals was related to
the material and particle size of the substrate, pH value, type and concentration of heavy metals,
electrode material and redox potential gradient.

3.3 Membrane separation technology

The basic principle is to use membranes with selective permeability to prevent the passage of heavy
metal ions under the action of external forces.’*33) According to pore size and separation mechanism,
membranes can be classified into: Microfiltration (MF), Ultrafiltration (UF), Nanofiltration (NF) and
Reverse Osmosis (RO) membranes.[*®! Membrane separation technology has the advantages of simple
operation, low cost, energy efficiency, environmental friendliness and no secondary pollution.’*
Ultrafiltration membranes are commonly used in this area. Studies have shown that membrane
technology has achieved excellent results in the removal of heavy metals from wastewater. Generally
heavy metal ions can only be captured in combination with water-soluble macromolecular polymers or
other large complex metals, as shown in Figure 1.57]
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Figure 1: Schematic diagram of the principle of membrane separation
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Zhou Rongzhong et al.l*! selected PVDF hollow fiber membrane to treat heavy metal wastewater.
The experimental results show that the rate of membrane contamination decreases with increasing
pumping stoppage time. Considering the the water production performance of the system, the optimum
pumping stoppage ratio was 7 min:2 min. The experiment also concluded that an optimum aeration rate
was 70m’/(m?-h), a maximum suspension concentration was 20 g/L and an optimum membrane flux
was 0.5m*/(m?-d). Under the above optimum conditions, the removal rates of Cu(Il) and Zn(Il) by
PVDF membrane reached 99.80% and 99.07% respectively. According to research by R. Molinari et al.
(581, the removal efficiency of arsenic from wastewater by paired photocatalysis and complicated
ultrafiltration might reach 100% at pH=7.56. A double-layer polybenzimidazole/polyethersulfone
(PBI/PES) hollow fiber nanofiltration membrane was created by Wen-Ping Zhu et al.’) to remove
Cd(1I) and Pb(II). According to the findings, under the ideal experimental circumstances, the clearance
rates of Cd(II) and Pb(II) were over 95% and 93%, respectively. Jing Gao et all*®! recovered nickel
from wastewater using complexation ultrafiltration with sodium polyacrylate (PAAS) as the
complexing agent, with a final nickel recovery rate of 98.26%. When PAAS and polyethyleneimine are
used as complexing agents, the effectiveness of extracting nickel from wastewater by complexing
ultrafiltration is 99.5% and 93%, respectively ] . The removal of Mn(II), Ni(Il), Zn(II), and Cu(II)
from wastewater can be increased to over 98.8% when PMA-100 is used in conjunction with a hollow
fiber ultrafiltration membrane.[%? 1t is proved that the removal rate of Pb(II), Cd(II), Ni(II), Zn(II), and
Cu(Il) from wastewater by micellar enhanced ultrafiltration was over 99.0% . Rhamnolipid has a
particularly high affinity for the heavy metals Cu(Il), Pb(Il), and Cd(II). The study showed the most
optimal operating conditions are: transmembrane pressure of (69+2) kPa, molar ratio of biosurfactant to
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metal of approximately 2:1 (depending on metal type), temperature of (25+1) °C and pH of 6.9+0.1;
the best removal of heavy metals could be achieved under optimal conditions!®?!,

4. Technology comparison

(1) Compared to previous technologies, microbial fuel cells are not only more effective in removing
heavy metals, but they also produce power and make it easier to recover heavy metals. (2) Membrane
separation technology is a method with high heavy metal removal efficiency and heavy metal recovery
rate. (3) New adsorbents can be modified or compounded using magnetic nanoparticles (e.g. Fe;O4
particles) to make the adsorbent magnetic, which can also achieve the effect of easy recovery of heavy
metals.

Because of this, coupling technologies, such as CW-MFC technology™*! or micelle enhanced
ultrafiltration treatment technology® etc.,are often used in practical applications to improve the
removal of heavy metals from wastewater.

5. Summary and prospect

This paper summarizes existing research on heavy metal treatment using chemical precipitation,
conventional adsorption, nanosorbent materials, microbial fuel cells, and membrane separation.
Nano-sorbent materials and microbial fuel cells are two novel technologies that are more efficient at
removing heavy metals, but their high cost limits their widespread application. Membrane separation
technologies are frequently combined with other technologies to achieve good heavy metal removal
and are an excellent choice for heavy metal wastewater treatment.
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