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a b s t r a c t

High-salinity wastewater, especially reverse osmosis (RO) concentrate, is difficult to treat due to severe

microbial inhibition and the presence of refractory organics. Herein, a salinity-tolerant bacterium (Chry-

seobacterium sp.) was isolated and applied in combination with ionizing irradiation to develop an efficient

coupled process for RO concentrate treatment. The strain metabolically degraded phenol, p-cresol, indole,

and benzoic acid, and transcriptomic analysis revealed that salt tolerance was associated with the syn-

thesis of specific salt-tolerant proteins and enzymes (i.e., branched-chain amino acid). Although elevated

chloride and sulfate concentrations reduced the phenol removal rate, complete degradation was achieved.

The coupled process achieved up to 78.3 % COD removal and completely inactivated Chryseobacterium

sp. in the effluent, ensuring biosafety. This study provides a promising strategy integrating halotolerant

biodegradation and advanced oxidation for efficient treatment of high-salinity wastewater.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Treatment of industrial wastewater is important for the envi-

ronmental protection and sustainable development of industries.

In general, biological treatment is the core process for the indus-

trial wastewater treatment [1]. Its performance directly affected

the quality of final effluents, although advanced treatment pro-

cess has been used after biological treatment process [2]. Biolog-

ical treatment process has the advantages of easy operation, good

treatment effect and low treatment cost [3]. But its performance

is easily affected by environmental conditions such as temperature

and wastewater component such as heavy metals. It is well known

that the salinity such as chloride ions and sulfate ions could in-

hibit the microbial activity [4–6]. Thus, the treatment of salinity

wastewater has been always a tough problem.

To increase the tolerance of microorganisms to salinity could be

a way to increase the performance of biological treatment process

in the treatment of saline wastewater, which could be realized by

microbial acclimation to enrich the halotolerant bacteria in the bi-

ological treatment system [7,8]. To now, several halotolerant bac-

teria and microbial consortium have been reported in the previous

studies such as Aureobasidium sp. MSP8 [9], Rhodococcus erythro-

polis PTCC 1767 [10], Pseudomonas mendocina TJPU04 and microbial
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consortium with Halomonas genus [11]. These bacteria have differ-

ent properties such as salt-tolerant degree and degradation charac-

teristics for organic pollutants. For instance, Rhodococcus erythropo-

lis PTCC 1767 could tolerate up to 60 g/L NaCl and have high activ-

ity for the removal of hydrocarbons [10], while microbial consor-

tium with Halomonas genus could tolerate up to 20 g/L NaCl and

degrade the organic pollutants with the azo bond [11]. It is thus

concluded that for specific wastewater, acclimation of salt-tolerant

bacteria is an effective method to enhance the removal of organic

pollutants in saline wastewater.

Coking wastewater has the characteristics of huge amount

and complex water component [12,13]. To increase the reusabil-

ity of coking wastewater, reverse osmose (RO) membrane is usu-

ally adopted in the process of wastewater treatment that resulted

in the production of reverse osmosis concentrated wastewater

(ROCW) containing high salinity and organic pollutant [14–16]. The

high salinity would strongly inhibit the effect of advanced oxida-

tion processes on the removal of organic pollutants [17,18]. Thus,

advanced oxidation processes were not widely used for the treat-

ment of RO concentrated wastewater. Instead, mechanical steam

recompression is the common method for the treatment of ROCW

in practice [19], but its operation cost is high. Furthermore, the

salt after mechanical steam recompression is hard to be recycled

due to the existence of organic pollutants [20]. It is thus necessary

to remove the organic pollutants in the high salinity wastewater.

https://doi.org/10.1016/j.cclet.2025.112321
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Considering the effect of high salinity on the chemical oxidation

technology, the removal of organic pollutants in the high salinity

wastewater using halotolerant bacteria could be an option.

It is noted that the halotolerant bacteria are hard to further re-

move organic pollutants due to the bioavailability when the con-

centration of organic pollutants decreased to certain extent [21],

although they can resist the inhibition of high salinity.

Recent studies have highlighted that coupling biological meth-

ods with advanced oxidation processes (AOPs) offers a promis-

ing strategy for saline wastewater treatment. For example, Cai

et al. reported that applying AOPs prior to biological treatment

significantly enhanced the removal of organic matter in reverse

osmosis concentrate [22]. Similarly, Chaturvedi et al. summa-

rized research on the treatment of high-salinity wastewater us-

ing such combined approaches [23]. These studies primarily fo-

cus on improving the biodegradability of saline effluents through

AOPs, followed by further removal using biological processes. How-

ever, the inherent drawbacks of AOPs in high-salinity conditions,

such as low efficiency and high energy consumption, still remain

unavoidable.

Ionizing irradiation is an emerging advanced oxidation process

that has been applied for the treatment of actual wastewater such

as dyeing wastewater and medical wastewater [24,25]. Compared

to the conventional advanced oxidation process, it has own advan-

tages such as no need for chemical addition and high treatment ef-

ficiency [26]. Our study has demonstrated that ionizing irradiation

has higher resistance to salinity than conventional advanced oxida-

tion process [27]. It is thus speculated that the treatment of halo-

tolerant bacteria followed by ionizing irradiation could effectively

remove the organic pollutants in the high salinity wastewater.

Therein, Chryseobacterium sp. were isolated and significantly en-

riched. Chryseobacterium species are predominantly found in soil

and water environments. It was reported that these organisms can

survive in chlorine-treated municipal water supplies, often coloniz-

ing sink basins and taps [28].

Therefore, the aim of this study is to isolate the halotolerant

bacteria and investigate its performance in the removal of organic

pollutants in the high salinity wastewater, to verify the perfor-

mance of Chryseobacterium sp. coupled with ionizing irradiation in

the treatment of high salinity wastewater finally.

The Shanghai Aladdin Biochemical Technology Co., Ltd. provided

the following chemicals: phenol (≥ 99.5%), benzoic acid (99.0 %), p-

cresol (99.0 %), indole (99.0 %), sodium chloride (≥ 99.0%), tryptone

(reagent grade) and yeast extract. The RO concentrate was obtained

from a coking plant located in Hebei, China. The basic characteris-

tics of RO concentrate was as follows: COD 296.9mg/L, solution pH

6.4, total organic carbon 72.4mg/L, chloride ions 2.06 g/L and con-

ductivity 16,613 μS/cm.

The Chryseobacterium sp. was isolated from the biological pro-

cess unity of the coking plant located in Hebei, China and identi-

fied according to the analysis of 16S rDNA gene sequence. The PCR

amplication primers used in this study were 27F (5-AGAGTTTGA-

TCCTGGCTCAG-3) and 1492R (5-CTACGGCTACCTTGTTACGA-3). The

identified procedure was presented in the previous studies [29,30].

The strain has been registered in NCBI Genbank with accession

number Genbank OR827197.

To enrich the Chryseobacterium sp., Chryseobacterium sp. was in-

oculated in the sterilized LB medium that includes 10 g/L tryptone,

5 g/L yeast extract and 10g/L and 10g/L sodium chloride. The cul-

tures were incubated at pH 7.0 and 25 °C. For the biodegradation

experiments, exponentially growing cells were harvested by cen-

trifugation (8000 rpm for 10min) and subsequently washed with

phosphate buffer (0.1mol/L) piror to use.

The degradation experiments of the selected organic pollutants

that were commonly found in the coking wastewater by Chry-

seobacterium sp. were conducted. Specifically, 200mL solution with

10mg/L of the selected organic pollutant was poured into 250-

mL glass bottle. Then quantified Chryseobacterium sp. pellet was

added into the solution to make the initial OD600 0.2. The glass

bottles were placed into thermostat water bath at 25 °C. To elu-

cidate the contribution of biosorption to the degradation of or-

ganic pollutants, the control experiments were conducted with

sterilized Chryseobacterium sp. (121 °C for 30min) to determine

the role of biosorption. To verify the role of different functional

groups in the degradation of organic pollutants, the following ex-

periments were conducted. The Chryseobacterium sp. pellet was

treated by anhydrous methanol and hydrochloric acid for 3h to

initiate the carboxyl esterification for determining the role of car-

boxyl groups. The Chryseobacterium sp. pellet was treated by acetic

anhydride/ethanol for 2h to initiate the aminoacetylation for de-

termining the role of amino group. The Chryseobacterium sp. pellet

was treated by triethyl phosphate/nitromethane solution for 3h to

initiate phosphorus esterification for elucidating the role of phos-

phate group. The Chryseobacterium sp. pellet was treated by pro-

teinase K for identifying the role of proteins. All the experiments

were conducted in duplicate.

For the treatment of RO concentrate, the quantified Chryseobac-

terium sp. pellets were harvested and added into the glass bot-

tle containing 100mL RO concentrate to make the initial OD600

3.0. The glass bottle was placed into a thermostat water bath

for 8h. Thereafter, the COD of RO concentrate was determined.

The RO concentrate after biological treatment was centrifuged at

8000 rpm, and the supernatant was collected for ionizing irradia-

tion treatment. Specifically, 40mL of supernatant was transferred

into 50mL centrifuge tubes and placed in a 60Co irradiation cham-

ber located in Tsinghua University, China. The irradiation dose rate

was 24 kGy/h, and the applied absorbed doses were 10, 20, and

30 kGy. The corresponding irradiation times were calculated by di-

viding the target dose by the dose rate. The COD concentration of

treated supernatant was determined after ionizing irradiation. In

comparison, the treatment of RO concentrate by single ionizing ir-

radiation was also investigated. It is noted that compared to that

in synthetic wastewater (OD600 =0.2), this higher biomass require-

ment was due to the complex composition of RO concentrate, in-

cluding high salinity and refractory organics, which exert stronger

inhibitory effects on microbial activity.

The concentration of the selected organic pollutants including

phenol, p-cresol and indole was determined by high-performance

liquid chromatography (HPLC). The detailed conditions have been

reported in our previous studies [31,32]. The COD was measured

using potassium dichromate method.

To identify the DEGs between the two different samples (i.e.,

A1 and A3 bio-samples), the expression levels for each gene were

calculated using the fragments per kilobase of exon per million

mapped reads (FRKM) method. R statistical package edgeR was

used for differential expression analysis. Therein, Volcano-plot of

the differentially expressed genes between A1 and A3 bio-samples

The DEGs between the two samples were selected using the fol-

lowing criteria: The logarithmic of fold change was greater than

2, and the false discovery rate (FDR) was less than 0.05. To

understand the functions of differentially expressed genes, Gene

Ontology (GO) functional enrichment and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analysis were carried out

by Goatools (https://github.com/tanghaibao/Goatools, accessed on

15 March 2019) and KOBAS (http://kobas.cbi.pku.edu.cn/kobas3, ac-

cessed on 15 March 2019). DEGs were significantly enriched in GO

terms and metabolic pathways when their Bonferroni-corrected P-

value was less than 0.05. The enrichment factor was calculated us-

ing the number of enriched DEGs divided by the total number of

background genes. Such as the up-regulated genes are related to ri-

bosome synthesis, involved to rplM, rpsI, rpsB, rpmF, rpsU and rplK

genes.
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Fig. 1. The phenol degradation characteristics by Chryseobacterium sp. under differ-

ent conditions: (A) phenol initial concentration, (B) temperature, (C) solution pH.

The phenol was selected to investigate the degradaiton chacter-

istics of Chryseobacterium sp. When its initial concentraiton ranged

from 5 to 20mg/L, more than 90% phenol was removed within

10min. The degradation rate decreased with the increase of phenol

initial concentration. The initial removal efficiency significantly de-

creased to 66.4% at 10min when the phenol initial concentration

was 50mg/L. Thereafter, a slow degradation phase was observed.

However, the phenol removal efficiency achieved 100% at the end

under all the cases (Fig. 1A), indicating that Chryseobacterium sp.

could effectively remove phenol.

Temperature had significant effect on the activity of Chryseobac-

terium sp. The degradation rate increased with the increase of tem-

perature from 10 °C to 30 °C (Fig. 1B). Nevertheless, the phenol

was completely removed at 240min no matter what the temper-

ature was, suggesting that Chryseobacterium sp. had a relatively

wide temperature adaptation range.

The solution pH had obvious effect on the activity of Chry-

seobacterium sp. (Fig. 1C). At neutral condition, the phenol was

completely removed at 10min. When the solution pH was 5.0, the

initial degradation rate of phenol became slower. Its removal ef-

ficiency decreased to 71.1% at 10min, but it was still completely

degraded at 60min. When the solution pH was 9.0. Its removal ef-

ficiency further decreased to 66.9%. Thereafter, it remained almost

unchanged, suggesting that the activity of Chryseobacterium sp. was

inhibited at alkali conditions.

Fig. 2. Degradation of other organic pollutants by Chryseobacterium sp. in the ab-

sence of LB media (A), and in the presence of LB media (B). [p-cresol]= [indole]=
[benzoic acid]= [phenol]=10mg/L, 25 °C, pH 7.0.

In addition to phenol, other organic pollutants including p-

cresol, indole and benzoic acid were also selected to conduct

the degradation experiments. The removal efficiency of p-cresol

reached 84.2% at 10min that was slightly lower than phenol

degradation. After 10min, the p-cresol concentration gradually de-

creased. At the end the p-cresol was completely removed (Fig. 2A).

The similar degradation trend was found for benzoic acid, but the

initial degradation rate of benzoic acid was lower than p-cresol. In

comparison with p-cresol and benzoic acid, Chryseobacterium sp.

showed much lower degradation activity for indole. The degrada-

tion of indole mainly occurred at 10min when 24.7% of indole

was removed. Thereafter, the indole removal efficiency gradually

increased until the end in which 40.1% of indole was depleted.

The removal efficiency of indole remained almost unchanged from

120min to 240min. For phenol, p-cresol and benzoic acid, all of

them had one benzene ring. All of them were eventually removed,

although the degradation rate varied. While indole has a dual-

ring structure, in addition to benzene ring, it has a pyrrole ring.

By comparison, it can be concluded that Chryseobacterium sp. had

high activity for benzene ring and low activity for pyrrole ring.

To check whether Chryseobacterium sp. could degrade indole

by co-metabolism, the degradation experiments of the selected

organic pollutants in the presence of carbon source were con-

ducted. For phenol, p-cresol and benzoic acid, the carbon source

had no significant effect on the degradation kinetics and removal

efficiency (Fig. 2B). But for indole, the addition of carbon source

decreased the removal efficiency, suggesting that Chryseobacterium

sp. preferred carbon source to indole. This also demonstrated that

Chryseobacterium sp. cannot degrade indole by co-metabolism.

Chloride ions and sulfate ions are the main constituents of high

salinity. Thus, their effect on the phenol degradation was investi-

gated. The presence of chloride ions inhibited the phenol removal.

In the presence of chloride ions, the phenol degradation could be

divided into two phases: slow degradation phase and fast degra-

dation phase. The increase of chloride ions’ concentration signifi-

cantly decreased the removal efficiency of phenol at 360min. The

final removal efficiency of phenol was 100%, 94.8 %, 71.2 % and

63.3%, respectively, when the initial concentration of chloride ions

3
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Fig. 3. Effect of chloride ions and sulfate ions on the phenol degradation by Chry-

seobacterium sp. (A) Chloride ions, (B) sulfate ions, (C) co-existence of chloride ions

and sulfate ions. [Phenol]=10mg/L, 25 °C, pH 7.0.

was 1, 5, 10 and 20g/L (Fig. 3A). It is noted that the removal effi-

ciency of phenol (∼50%) was almost the same at 30min no mat-

ter what the initial concentration of chloride ion was, suggesting

the biosorption may be the initial step for biological removal of

phenol. In addition, the degradation kinetics presented obvious dif-

ference with the change of chloride ions’ concentration. When the

initial concentration of chloride ions was 1 g/L, the slow degrada-

tion phase lasted for 120min, it extended to 300min when the ini-

tial concentration of chloride ion was 5 g/L. When the initial con-

centration of chloride ions was 10 and 20g/L, only slow degrada-

tion was found during the experimental process, indicating that

the increased inhibition along with the increase of chloride ions’

concentration. It is noted that although the chloride ions inhibited

the activity of Chryseobacterium sp., the phenol degradation did not

cease even in the presence of 20 g/L, suggesting that the extension

of reaction time or the increase of biomass could still remove phe-

nol completely.

In line with chloride ions, sulfate ions showed similar effect on

the removal of phenol. The initial removal efficiency of phenol at

30min achieved about 60% no matter what the initial concentra-

tion of sulfate ions was (Fig. 3B). After 30min, the phenol degra-

dation proceeded along with the time. The inhibition degree in-

creased with the concentration of sulfate ions as evidenced by the

time of slow degradation phase. At 360min, the removal efficiency

of phenol was 100%, 93.7 %, 79.2 % and 62.8%, respectively when

the initial concentration of sulfate ions was 1, 5, 10 and 20g/L.

Fig. 4. Removal of the selected organic pollutants in the actual RO concentrate.

[Phenol]= [p-cresol]= [indole]= [benzoic acid]=10mg/L, 25 °C, pH 7.0.

When the chloride ions and sulfate ions co-existed, the removal

efficiency of phenol reached about 50% at 30min (Fig. 3C). There-

after, the phenol degradation entered a slow degradation phase un-

til 360min. After 360min, the fast degradation phase was found.

At 480min, the phenol removal efficiency achieved 94.7%. Com-

pared with the presence of individual chloride or sulfate ions, the

co-existence of both ions exhibited a stronger inhibitory effect.

But the inhibition could be counteracted by extending the reac-

tion time, indicating that Chryseobacterium sp. had high resistance

to high salinity.

To investigate the effect of actual wastewater components on

the activity of Chryseobacterium sp., the selected organic pollutants

were added into the actual RO concentrate. It was found that com-

pared to that in the deionized water, the removal efficiencies of

phenol, p-cresol and benzoic acid were significantly depressed at

30min (Fig. 4), which could be due to the competition of bac-

terial surface functional groups between wastewater components

and the selected organic pollutants. But the phenol, p-cresol and

benzoic acid could be completely removed at 1h. Moreover, for p-

cresol and benzoic acid, the removal rates in the RO concentrate

Fig. 5. Removal mechanism of phenol by Chryseobacterium sp. [Phenol]=10mg/L,

25 °C, pH 7.0.
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Fig. 6. (A) Volcano-plot of the differentially expressed genes between A1 and A3 bio-samples. The abscissa means the logarithm of the multiple difference of the expression

of genes in the two samples: The larger the absolute value, the greater the difference in gene expression. The ordinate means the negative logarithm of the statistical

significance of the expression of gene: The larger the value, the more significant the differential expression and the more reliable the differential gene. Red points represent

up-regulated genes, blue points represent down-regulated genes, and gray circles represent genes showing no significant differences in expression. (B) GO enrichment

analysis for the up-regulated DEGs between A1 and A3 bio-samples. (C) GO enrichment analysis for the down-regulated DEGs between A1 and A3 bio-samples. The abscissa

represents the enrichment factor, and the ordinate represents the GO function classification. Circles indicate numbers of enriched genes, and colors depict the P-value. The

enrichment factor was calculated using the number of enriched DEGs divided by the total number of background genes in the corresponding pathway. The size of each circle

represents the number of significant DEGs enriched in the corresponding pathway. The chromatogram from blue to red represents the corrected P-value (FDR).

were even higher than that in the deionized water, which could

be due to the promoted growth of Chryseobacterium sp. by some

bioavailable organic pollutants. For indole, there was no obvious

difference for its degradation in the actual RO concentrate com-

pared to that in the deionized water. The above results demon-

strated that the wastewater components had some negative ef-

fect on the activity of Chryseobacterium sp. at first. However, Chry-

seobacterium sp. could quickly overcome the inhibition. It was re-

ported that other phenol-degrading bacteria, including Rhodococcus

ruber, Alcaligenes faecalis, Rhodotorula sp. and Ralstonia taiwanensis,

were significantly inhibited when exposed to high-salt stress [33].

Thus, it was concluded that Chryseobacterium sp. have strong salt-

tolerant capabilities with high phenol degradation efficiency.

Chryseobacterium sp. was firstly sterilized to investigate the role

of biosorption in the phenol removal. The phenol removal effi-

ciency achieved 77% at 30min, indicating that biosorption made

important contribution to the phenol removal (Fig. 5A). To inves-

tigate the role of functional groups in the biosorption, four con-

trol experiments were conducted. It was found that the phenol re-

moval efficiency decreased to 53.8% when the phosphoric groups

were inhibited, while it decreased to 50.1% when the protein was

inhibited. It decreased to 42.9% and 42%, respectively as the car-

boxyl groups and ammino groups were inhibited, indicating the

surface functional groups played important role in the biosorption

of phenol, and the order was as follows: Carboxyl groups ≈ am-

mino groups > protein > phosphoric groups.

To further verify the removal mechanism of Chryseobacterium

sp. for phenol, the pellet of Chryseobacterium sp. before and af-

ter reaction was characterized by FTIR. The characteristic peaks of

-N-H, -C=O and PO4
3- were found (Fig. 5B) [34,35]. Moreover,

there were no big changes of these functional groups before and

after reaction, further suggesting that the phenol removal was not

due to the biosorption, but the degradation.

For the unsterilized Chryseobacterium sp., the phenol could be

completely removed, suggesting that Chryseobacterium sp. could

degrade phenol in addition to biosorption. In addition, at the end

of the experiments, the OD600 increased from 0.2 to 0.37, fur-

ther proving that Chryseobacterium sp. could use phenol as carbon

source for growth. Based on the above analysis, it is concluded that

Chryseobacterium sp. remove phenol mainly via metabolism.

The salt-tolerant mechanism of Chryseobacterium sp. was ana-

lyzed via transcriptome analysis. As shown in Fig. 6A, transcrip-

tome analysis shown a total of 603 genes were identified as differ-

ential expression genes (DEGs) for the A3 group (5 g/L Cl- +5g/L

5
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Fig. 7. Performance of Chryseobacterium sp. coupled to ionizing irradiation in the removal of RO concentrate. (A) COD change during the treatment process of Chryseobac-

terium sp. (B) COD change followed by ionizing irradiation. (C) EEM spectrums of original RO concentrate. (D) EEM spectrums after the treatment of Chryseobacterium sp. (E)

EEM spectrum after ionizing irradiation at 10 kGy. (F) EEM spectrum after ionizing irradiation at 30 kGy. (G) Chryseobacterium sp. culture in soild media with unirradiated

wastewater as inoculation. (H) Chryseobacterium sp. culture in soild media with irradiated wastewater as inoculation.

SO4
2-), when compared with the A1 control group (fold change

(FC) ≥ ± 2, P<0.05), which preliminarily showed that salinity af-

fected the genes expression. Among these DEGs, 332 were up-

regulated and 271 were down-regulated (Fig. 6A). To better un-

derstand the functions of the DEGs, we performed a GO enrich-

ment analysis for the up-regulated and down-regulated DEGs, re-

spectively. As shown in Fig. 6B, the most annotated GO terms for

up-regulated DEGs were structural constituent of ribosome (molec-

ular function, MF), structural molecule activity (molecular func-

tion, MF), ribosome (cellular component, CC), organelle (cellular

component, CC), involved to rplM, rpsI, rpsB, rpmF, rpsU and rplK

genes. These up-regulated genes are related to ribosome synthesis,

which was positively correlated with the protein synthesis [36].

It was speculated that the addition of Cl- promoted the synthe-

sis of salt-tolerant protein/enzymes. As shown in Fig. 6C, the most

annotated GO terms for down-regulated DEGs were branched-

chain amino acid biosynthetic process, branched-chain amino acid

metabolic process, alpha-amino acid biosynthetic process, all be-

long to the biological process, (BP), involved to leuD, leuC, ilvC and

ilvD genes. These down-regulated genes are related to biosynthetic

and metabolic of branched-chain amino acid (BCAA). The BACC,

called as essential amino acids, included l-valine, l-isoleucine,

and l-leucine, which mainly ensure nutrition supply to main-

tain growth and survival of microorganisms [37]. In general, Chry-

seobacterium sp. may promote the formation of salt-tolerant pro-

tein/enzymes via decreasing the synthesis of essential amino acids,

which endowed them with the tolerance capacity for salinity.

The Chryseobacterium sp. was used to treat the actual RO con-

centrate. During the process of biological treatment, the COD

concentration decreased with time. The COD removal efficiency

achieved 57.8% at 12h (Fig. 7A).

Ionizing irradiation is an emerging advanced oxidation tech-

nology. Its primary mechanism involves the generation of reactive

species from water molecules, which interact with organic pollu-

tants to facilitate their removal [26,27,38]. In aqueous systems, re-

ductive species are rapidly converted to oxidative species by dis-

solved oxygen, making oxidative species the predominant agents in

wastewater treatment. In this study, ionizing irradiation was em-

6
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ployed to treat effluent from the biological treatment process. The

COD removal efficiency further increased with the increase of ab-

sorbed dose. It reached 68.1%, 74.8 % and 78.3%, respectively, when

the absorbed dose was 10, 20 and 30 kGy (Fig. 7B). When the ab-

sorbed dose was higher than 20 kGy, the COD concentration of

effluents was lower than 80mg/L. The EEM analysis of the efflu-

ents was further employed to investigate the variation of wastew-

ater components after treatment. The EEM spectrum is commonly

divided into five regions: Region I (EM: 200–325nm; EX: 200–

250nm), representing aromatic proteins containing tryptophan;

Region II (EM: 325–375nm; EX: 200–250nm), corresponding to

aromatic proteins with tyrosine; Region III (EM: 375–500nm; EX:

200–250nm), associated with fulvic acid-like substances; Region

IV (EM: 200–375nm; EX: 250–350nm), indicative of soluble mi-

crobial by-products; and Region V (EM: 375–500nm; EX: 250–

400nm), reflecting humic acid-related compounds [39]. After the

treatment of Chryseobacterium sp., the fluorescence intensity of

humic acid decreased. In comparison, the fluorescence intensity

of soluble microbial by-products and aromatic protein containing

tryptophan increased (Figs. 7C and D), suggesting the transforma-

tion of RO concentrate components during the biological treatment

process. After the treatment of ionizing irradiation (10 kGy), the

fluorescence intensity of humic acid and aromatic protein contain-

ing tryptophan decreased compared to that treated by biological

treatment (Fig. 7E). The increase of absorbed dose resulted in the

occurrence of aromatic proteins with tyrosine (Fig. 7F), confirm-

ing the transformation of RO concentration components during the

process of ionizing irradiation. These results were consistent with

the change of COD. It is thus concluded that the Chryseobacterium

sp. coupled with ionizing irradiation showed good performance in

the treatment of RO concentrate. In addition, the bacterial commu-

nity was found in the solid media when the RO concentrate treated

by Chryseobacterium sp. was used as inoculum (Fig. 7G), while no

bacteria was observed in the solid media when the RO concentrate

treated by Chryseobacterium sp. coupled to ionizing irradiation was

used as inoculum (Fig. 7H), indicating that the ionizing irradiation

followed by biological treatment could kill the Chryseobacterium sp.

for guaranteeing the biological safety.

In addition, compared with previous studies where advanced

oxidation processes were applied prior to biological treatment

in order to enhance wastewater biodegradability, the present

work proposes the reverse sequence by employing halotolerant

biodegradation followed by ionizing irradiation. This arrangement

enables both processes take advantage of their respective advan-

tages: The biological step selectively degrades and transforms or-

ganic pollutants under saline conditions, while the subsequent ir-

radiation further eliminates refractory organics and simultaneously

ensures biosafety through complete microbial inactivation. Such a

coupled strategy therefore offers superior pollutant removal effi-

ciency and operational safety compared with conventional AOP-

first approaches.

A salinity-tolerant Chryseobacterium sp. capable of metabolically

degrading phenol, p-cresol, indole, and benzoic acid was isolated

from RO concentrate. Transcriptomic analysis revealed that its high

salt resistance was associated with the synthesis of salt-tolerant

proteins and enzymes. Although elevated chloride and sulfate con-

centrations reduced the phenol removal rate, complete degrada-

tion was still achieved. Coupling this halotolerant biodegradation

with ionizing irradiation significantly enhanced COD removal (up

to 78.3%) and ensured effluent biosafety, offering an efficient and

practical strategy for high-salinity RO concentrate treatment.
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