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Polycyclic aromatic hydrocarbons (PAHs) is an organic pollutant with persistence and carcinogenicity. They are

universally present in the environment and food processing. Biological approaches toward remediating PAHs-

contaminated sites are a viable, economical, and environmentally friendly alternative compared to conventional

physical and/or chemical remediation methods. Recently, various strategies relating to low molecular weight

organic acids (LMWOAs) have been developed to enhance the microbial degradation of PAHs. However, the

remaining challenge is to reveal the role of LMWOAs in the PAHs biodegradation process, and the latter limits

researchers from expanding the application scope of biodegradation.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs), persistent organic pollutants, are widely distributed in the environment

and food processing . Over the past decades, increasing amounts of PAHs have been generated from the

incomplete combustion of organic substances, such as coal, oil, wood, and tobacco . The strong genotoxic,

mutagenic, and carcinogenic properties of PAHs pose a severe threat to human health and, therefore, raise global

concerns . In total, 16 widespread PAHs compounds were listed as priority pollutants by the US EPA (United

States Environmental Protection Agency) . The majority of PAHs are chemically stable with low solubility in

water and worse adsorption towards solid particles . Hence, universal and transferable approaches to degrading

the PAHs are still demanded.

Conventional methods, including physical or chemical remediation approaches, have already been developed to

overcome the PAHs pollution challenge. However, physical or chemical remediation approaches are often costly

and may cause secondary environmental pollution . Bioremediation provides a cost-effective and

environmentally sustainable alternative . Generally, soil organic matters, such as humins, low molecular

weight organic acids, amino acids, are favorable for the biodegradation of pollutants . For instance,

electrochemically-reduced humins were able to enhance microbial denitrification. Solid-phase humins improve all

reducing reactions from nitrate to nitrogen gas . In addition, the degrading rate of petroleum hydrocarbons

was significantly affected by soil organic content .

Among various dissolved soil organic matters, low molecular weight organic acids (LMWOAs, MW < 500 Da) also

facilitate the degradation of pollutants by plants or microbes. LMWOAs can be discovered in the root exudates and

the microbial decomposition of plant litter . LMWOAs include mono-, di-, and tricarboxylic acids
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containing hydroxyl groups as well as unsaturated carbon and often exist as the dissociated anions (carboxylates)

. The release of LMWOAs from root exudates could be influenced through different factors, such as the

acidity of the soil, the absence/presence of insoluble minerals, type of soil microorganisms, and plant

developmental stage . These produced soluble elements which are easily available for microbial growth 

. The synthesis and/or secretion of LMWOAs by microbes play essential roles in the process of biotic or

abiotic stress responses . Furthermore, the root exudate organic acids are crucial for the rhizoremediation of

heavy metals and PAHs. To date, although some excellent reviews thoroughly elucidate the importance of the root

exudate in heavy metals and PAHs bioremediation   ] , few focused on investigating the role that

individual compounds (such as carboxylates, amino acids) of root exudate in PAHs bioremediation .

Recently, the addition of LMWOAs has been an attractive and promising strategy to enhance the capacity of

microbes to degrade organic pollutants, especially PAHs (Table 1). LMWOAs showed a powerful ability to chelate

multivalent cations (e.g., Fe , Al ) and thus significantly influenced the mobility, solubility, and fate of pollutants in

nature . In addition, glutaric acid and citric acid improve the growth rates and the vital enzymatic activities of

microorganisms in the degradation process, resulting in increased organic pollutants biodegradation . PAHs

degradation research undoubtedly benefits from the occurrence of various LMWOAs towards microorganisms.

Meanwhile, an in-depth understanding of how LMWOAs affect microbial bioremediation at the molecular level is in

demand to view the comprehensive biodegradation landscape and inspire us to develop additional bio stimulation

techniques for engineering the efficiency of bioremediation systems.

Table 1. The predominant low molecular weight organic acids (LMWOAs) applied to enhance microbial

degradation of pollutants.

LMWOAs Microorganism Pollutants Main Function Reference

Citric, succinic, and aconitic
acid

-
PAHs
contaminated soil

Enhance PAHs
degradation

Citric and malic acid - Phenanthrene Enhance desorption

Oxalic acid
Microbial
community

Agricultural field
contaminated with
PAHs

Promote PAHs
dissipation,
enhanced the
microbial biomass
and activity

Citric, lactic, malic, oxalic,
and succinic acids mixture

Stenotrophomonas
sp., Microbacterium
sp., and
Arthrobacter sp.

Benzo(a)pyrene
and pyrene

Enhance
biodegradation

Eight organic acids mixed:
oxalic, formic, tartaric, lactic,
acetic, malic, maleic, and
citric acid

Microbial
populations

Phenanthrene and
pyrene

Influence the
bioavailability of
PAHs and microbial
activity
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LMWOAs Microorganism Pollutants Main Function Reference

Root exudates were
prepared by mixing glucose,
oxalic acid, malic acid, and
serine

Soil microbial
community

Pyrene
Enhance
biodegradation

Glutaric acid
Pseudomonas
aeruginosa NY3

Hexadecanol

Increase strain
growth rates,
hexadecane
monooxygenase
activities, and
enhance
biodegradation

Citric and malonate acid
Microbial
community

Petroleum
hydrocarbons

Stimulate
heterotrophic
microbial activity

Citric acid, oxalic acid, malic
acid

-
Phenanthrene and
pyrene

Enhance
bioavailability

Oxalic and malic acids - Phenanthrene
Favor
photodegradation
on Fe(III)–clay

Citric acid, oxalic acid, and
malic acid

-

Naphthalene,
acenaphthene,
fluorene,
phenanthrene,
fluoranthrene,
pyrene, benzo(a)
anthrancene, and
benzo
fluoranthrene

Promote bound
PAH residues
release, and
enhance the PAH
availability in soils

Citric and malic acids -
Phenanthrene and
pyrene

Promote the
release and
enhanced the
availability of PAHs
in soil

Malic acid - Phenanthrene Enhance desorption

Acetic acid, oxalic acid,
tartaric acid, and citric acid

- Phenanthrene Enhance desorption

Citric and oxalic acid -
Phenanthrene and
pyrene

Enhance desorption

Citric, oxalic, and malic acid - Phenanthrene Enhance desorption
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LMWOAs Microorganism Pollutants Main Function Reference

Citric and oxalic acid -
Phenanthrene and
pyrene

Increase
phenanthrene and
pyrene availability

Succinic, tartaric, malic,
malonic, oxalic, citric, or
ethylenediaminetetraacetic
acid

  p,p′-DDE Enhance desorption

The influence of low molecular weight organic acids (LMWOAs) on the microbial degradation process of polycyclic

aromatic hydrocarbons (PAHs) were shown in Figure 1).

Figure 1. The influence of low molecular weight organic acids (LMWOAs) on the microbial degradation process of

polycyclic aromatic hydrocarbons (PAHs).

2. The Application of LMWOAs in PAHs-Contamination
Remediation

2.1. In Situ Remediation

In situ remediation is an approach to break down and purify contaminants by activating microorganisms present in

the soil. Few studies have been reported about applying the LMWOAs toward in situ remediation of PAH. Through

investigating the influence of LMWOAs on the in situ distribution of PAHs adsorption, Li et al. found that LMWOAs

lead to the homogeneity of the PAHs in the mangrove sediment but also contribute to the enhancement of the

particulate organic matter content . Zhao et al. discovered that combining the nonionic surfactant (e.g.,

Tween80) with LMWOAs (e.g., citric acid) has improved performance compared to single surfactant in terms of in
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situ cleaning the PAHs contaminated soils . Moreover, many LMWOAs, including citric acid, oxalic acid, and

malic acid, are favorable for directly releasing the PAH-bound residues from soils .

2.2. Soil Flushing/Washing

Soil flushing/washing, as an in situ chemical method of soil remediation, involves the extraction of PAHs via a fluid

that was injected into the contaminated soil. LMWOAs as additives have been employed to remediate PAHs

polluted soils through integrating into the soil flushing/washing technology . For instance, Jia et al.

observed that LMWOAs markedly promoted the release of phenanthrene and pyrene from sediment columns and,

therefore, led to bioavailability enhancement (Figure 2). In detail, citric acid showed the best elution strength. With

the increase in the concentration of citric acid from 0 to 160 mmol/L, the phenanthrene and pyrene in leachates

enhanced from 0.045 and 0.039 mg to 0.125 and 0.087 mg, respectively . Moreover, LMWOAs (e.g., acetic acid,

oxalic acid, tartaric acid, and citric acid) promoted phenanthrene desorption in the soil–water system. Falciglia et al.

applied citric acid as enhancers to break up calcium carbonate on the surface and thus accelerate the washing

step to remove PAHs from seabed sediments . These studies stressed the importance of LMWOAs involved in

soil washing technologies to deal with the PAH-contaminated sites .

Figure 2. The concentration of (a) phenanthrene and (b) pyrene in leachate solutions from contaminated sediment

(160 mmol/L root exudates). Error bars represent the standard error (SD). (Reproduced from reference  with

permission from Springer, 2019).

2.3. Others

In addition, LMWOAs have markedly influenced PAHs photolysis. Jia et al. pointed out that oxalic and malic acids

favor the phenanthrene photodegradation on the photocatalytic material Fe(III)–smectite . Applying LMWOAs

oxalic acid with maize straw biochar also amended the dissipation of PAHs in soil, accompanying enhanced PAH

degradation related to genera and functional genes . The latter suggested that combining biochar with

LMWOAs might be a feasible strategy for promoting PAHs biodegradation.

3. Conclusions and Future Perspectives
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p
In brief, the strategy to apply LMWOAs in PAHs bioremediation is a cost-effective and environmentally sustainable

approach, which is supported by considerable evidence. To improve LMWOAs’ performance and make them more

competitive for industrial applications, we believe that more exciting results will be obtained if more efforts are

made in the following directions:

(1) More detailed and direct evidence about how humic acids influence the apparent solubility and PAHs-

microorganisms interactions are still required to investigate whether all LMWOAs have a similar function with humic

acids.

(2) At present, since few research pieces have examined the mechanism of LMWOAs playing in PAHs’ intracellular

metabolism within the anaerobic process, it is necessary to explore such direction to improve the application of

LMWOAs in the actual PAHs pollution treatment process with a better understanding.

(3) Proteomics and metabolomics technologies are potential tools for elucidating PAHs degradation process

mechanisms with microbes at the molecular level . High throughput “omics” technologies would help

researchers reveal the complicated effect of LMWOAs in detail, from gene expression to whole-cell metabolic

pathways.

(4) Advanced genetic tools, especially CRISPR/Cas9, can be employed to modify and optimize the target microbes’

PAH degradation capacity. Better microbial remediation strategies are required to be developed by integrating

genetically edited microbial cells with optimal LMWOAs.
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