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The concentrates of coking effluents are toxic and technically challenging 
to treat. Environmental protection demands an efficient and cost-effective 
technique for coking wastewater treatment. The intertidal marine macro 
alga Ulva prolifera has a high tolerance to various environmental stresses. 
In this study, U. prolifera was collected from an intertidal field and tested 
in a laboratory-scale photobioreactor for potential bioremediation of coking 
effluent concentrate. Algal physiology and water quality were measured. 
During treatment, the quantum yield Fv/Fm and effective quantum yield Y(II) 
values showed 12% and 15% decreases in 24 h, respectively, and a 
complete recovery in 168 h. The algal physiological characteristics 
indicated that light irradiance provided in a sine pattern of enhanced algal 
growth by 53% in the coking concentrate. The removal efficiency for total 
nitrogen and total phosphorus was up to 26.1% and 68.5% in 24 h, 
respectively. It also showed high removal efficiencies for some heavy 
metals, chemical oxygen demand, biological oxygen demand, and 
nutrients within 24 h. The feasibility of using U. prolifera for coking 
concentrate treatment was also considered. This study provided a 
possible bioremediation technique for wastewater treatment, especially for 
concentrates of coking effluent, in the coking industry. 
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INTRODUCTION 
 

The coking (the carbonization of raw coal and subsequent refinery processes) and 

steel industries generate coking wastewater that contains highly toxic or mutagenic 

substances, including cyanide (CN−), polycyclic aromatic hydrocarbons (PAHs), and 

pyridine (Wei et al. 2012; Song et al. 2013; Zhang et al. 2013; Yu et al. 2016), which 

require advanced treatment before water reuse or discharge. China, which has the world’s 

largest coking industry, generated 0.18 billion cubic meter of coking effluent in 2005 (Wei 

et al. 2007). This represents more than half of the world’s coke production, and this number 

is continuously increasing (Babich and Senk 2019). In addition, progressively tightening 

environmental protection regulations are requiring greater removal efficiencies to meet the 

recently issued discharge standard in China. Consequently, coking and its related industries 

are facing environmental challenges, leading to higher production costs. Thus, an advanced 

treatment method for coking wastewater using conventional or emerging techniques that 

has a low cost is required. 
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The composition of coking wastewater is complex and characterized by highly 

toxic components. Biological degradation, filtration, and membrane separation are 

currently the most widely applied techniques for the treatment of coking wastewater (Jin 

et al. 2013). Filtration and osmotic processes inevitably generate concentrates with 

increased concentrations of pollutants that could lead to severe environmental disasters if 

not treated properly. Moreover, the concentrate produced by filtration and reverse osmosis 

can equal 25% to 50% of the feeding water (Dialynas et al. 2008; Jin et al. 2013). However, 

the discharge of the produced concentrate is strictly prohibited and the advanced treatment 

of highly toxic concentrates remains challenging. Concentrates produced by filtration and 

reverse osmosis processes contain high concentrations of inorganic nutrients and organic 

pollutants, most notably, heavy metals and biologically toxic substances. Conventional 

biological effluent treatment techniques, such as activated sludge, are not applicable due 

to their inhibitory effects on growth (Wu and Zhu 2012). 

The use of algal species for various wastewater treatments has been investigated 

(Boelee et al. 2011; Christenson and Sims 2011), and algal biomass has been shown to be 

effective for removal of toxic elements (Bilal et al. 2018). Both Chlorella vulgaris and 

Arthrospira maxima have been comprehensively studied by scientists and demonstrated 

technically to be applicable and efficient for industrial and domestic wastewater treatment 

(López-Pacheco et al. 2019a,b). Especially, the bioreactor-based strategies were shown to 

be efficient (Tolboom et al. 2019). Marine intertidal areas are habitats for many marine 

algal species. The periodic rising tide leads to fluctuating environmental conditions. In 

addition, the nearshore and inland waterways bring nutrients and pollutants to the intertidal 

area. These natural conditions have conferred many stress-tolerant characteristics, 

especially salt and pollutant resistance, to intertidal algae (Davison and Pearson 1996). 

Consequently, the intertidal algal species, dominated by green and brown macro-algae, are 

potential candidates for effluent bioremediation. Efforts focusing on bioremediation using 

marine algae have been made, mostly for the treatment of aquatic (Bartoli et al. 2005; Del 

Río et al. 1996) and municipal effluents (Huan et al. 2018; Noemí Gil et al. 2005). Their 

potential applications for remediating highly toxic effluents, such as concentrates of coking 

effluent, have not yet been evaluated. The widely distributed intertidal macro-alga Ulva. 

prolifera showed tolerance to a wide range of salinity levels (Taylor et al. 2001). Notably, 

its rapid biomass accumulation in coastal China has made the material economically 

feasible for the bioremediation of the concentrate of coking effluent. 

For algal-based biosorption techniques, the disposal and subsequent process should 

be taken into consideration. Traditionally, U. prolifera could be used as raw material for 

fertilizer, feed additives, or refinery chemistry (Moral et al. 2019; Trivedi et al. 2016). 

Even though it is economically feasible to implement this scheme for the treatment of 

coking effluent concentrates, there is a need for further safety evaluation. Direct landfill 

after composting will result in land pollution and obviously is not applicable. As a 

hazardous waste, the resultant U. prolifera biomass, if economically advantageous, can be 

exploited as raw materials for sustainable industries. 

In the current study, the marine intertidal macro-alga U. prolifera was tested for its 

effects on coking effluent concentrate treatment. In particular, the absorptive process was 

monitored in real time. Its toxic tolerance to coking effluent concentrates, especially the 

carbon fixation and photosynthetic activity, was evaluated. The removal efficiencies of 

heavy metals and nutrients, as well as chemical oxygen demand (COD) and 5-day 

biological oxygen demand (BOD5), were also measured. The aim of this study was to 

evaluate the possibility of using U. prolifera to treat concentrates of coking effluents. 
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EXPERIMENTAL 
 

Materials 
The coking wastewater used in this research was collected from a coking plant in a 

steel company in Shanghai (China). It was the combined concentrates produced from the 

processes of ultrafiltration, nanofiltration, and reverse osmosis. The suspended solid (SS) 

content was approximately 40 ± 2 mg/L, the total CN- was 30 ± 1 mg/L, F− was 180 ± 7 

mg/L, and the Cl- concentration was 5500 ± 192 mg/L. The salinity levels of the coking 

concentrate and natural seawater used were 15‰ and 30‰, respectively. Wild U. prolifera 

was collected from the intertidal zone at Huiquan Bay (36°03′11.60″N, 120°20′16.61″E) 

in Qingdao, China. The algal thalli were rinsed using sterilized seawater and then cultivated 

at 22 °C under 100 μE irradiance for further use. 

 

Methods 
Adsorption process using U. prolifera 

Every 700 mL of coking effluent concentrate was treated with 7.00 g of fresh 

cultivated U. prolifera, which was fixed in a flat position and completely immersed in the 

water for treatment. The mixture of coking concentrate and alga was cultivated in a panel 

photobioreactor (FMT-1000; PSI Instruments, Brno, Czech Republic). The temperature 

was controlled at 22 ± 0.1 °C and continuously bubbled with air (flow rate 350 mL/min). 

Air was humidified by being passed through sterilized distilled water and filtered with a 

0.22-μm membrane. The continuous bubbling of filtered air enabled water mixing and 

sufficient contact with U. prolifera thallus. Light was provided by a white LED panel (LED 

spectrum provided in Fig. S1) either under constant or sine pattern light. For the sine pattern 

light, the sine amplitude was 800 μE, and the constant light irradiance was 400 μE. Thus, 

they yielded approximately the same light quantum. The light period lasted for 14 h, while 

the dark lasted for 10 h. The setup for water treatment using U. prolifera biomass was 

shown in Fig. 1. 

 

Measurement of algal photosynthetic activity during the bioremediation process 

The photosynthetic activity of U. prolifera was measured using a pulse-amplitude 

modulated fluorometer (Dual-PAM 100; Heinz Walz, Effeltrich, Germany) as described in 

previous research (Gu et al. 2015). Briefly, the samples were dark adapted for 5 min prior 

to recording the inductive fluorescence curve. Photosynthetic parameters, including 

maximal photosystem (PSII) quantum yield (Fv/Fm), the photochemical quantum yield of 

PSI [Y(I)], and the effective quantum yield of PSII [Y(II)] were achieved or calculated 

based on the acquisition of the inductive fluorescence curve as described (Baker 2008). 

 

Water-treatment process monitoring 

To determine whether the water quality correlated with algal growth during 

bioremediation, the pH, dissolved CO2 (dCO2), and dissolved oxygen (dO2) levels were 

monitored using Mettler probes. The Fv/Fm values under light and dark periods were both 

measured using the online fluorometer installed on the photobioreactor. Data were 

recorded hourly for evaluation of algal photosynthetic activity during the bioremediation 

process. 
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Fig. 1. Schematic figure shows the setup for coking effluent treatment. Air was provided by air 
pump at flow rate of 350 mL/min, creating airlift bubbling to enable sufficient mix of coking 
wastewater for direct contact with algal biomass. Light was provided with LED panel. Water pH, O2 
and CO2 level were monitored with online probes. 
 

Determination of pollutants 

The coking effluent concentrate before and after algal treatment was collected and 

used for pollutant measurements, without filtration. China National Standard methods 

GB/T 11893 (1989) and HJ/T 636 (2012) were used for the determination of the total 

amounts of P and N, respectively. The China National Standard method HJ/T 132 (2003) 

was used for the COD measurement of coking effluent containing high levels of Cl− ions. 

China National Standard method HJ/T 505(2009) was used for the BOD5 (5-day biological 

oxygen demand) measurement. Heavy metals, including arsenic (As), cadmium (Cd), 

chromium (Cr), copper (Cu), lead (Pb), and zinc (Zn) were measured before and after algal 

treatment using an atomic absorption method according to China National Standard method 

GB/T 17378.4 (2007). 

 

Algal growth measurement 

After each cultivation batch, the alga was removed from the bioreactor, and the 

surface water was absorbed using filter paper. Fresh weight was measured, and three 

independent replicates were conducted. 
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Statistical analysis 

All statistical analysis was conducted by SAS 9.1 for Windows software (SAS 

Institute Inc., Cary, NC, USA). A one-way analysis of variance was used to determine the 

significant difference at p < 0.05.  

 

 
RESULTS AND DISCUSSION 
 

Algal Photosynthetic Activity During the Bioremediation Process 
Both the short-term (24 h) and long-term (168 h) effects of coking concentrate 

effluent on algal physiology were studied. After 24 h, which was a cycle of one light and 

one dark period, under constant light, the Fv/Fm was not significantly different when the 

alga was cultivated with a mixture of 50% coking effluent and 50% seawater, compared 

with cultivation in 100% seawater (Fig. 2-A). However, the alga cultivated in 100% coking 

effluent concentrate showed a 12% decrease (Fig. 2-A). Similarly, for Y(II), there was no 

difference between 50% coking effluent and 100% seawater, but there was a significant 

decrease (15%) in 100% coking concentrate (Fig. 2-C). In contrast, Y(I) was slightly 

increased when subjected to 100% coking effluent (Fig. 2-C), but no significant difference 

was observed when subjected to a 50% mixture of coking effluent compared with seawater 

(Fig. 2-E). 

As for long-term cultivation, the Fv/Fm increased when the alga was cultivated in 

100% coking concentrate (Fig. 2-B) compared with in seawater and 50% coking 

concentrate. Moreover, Y(II) showed slight increases in both 50% and 100% coking water 

compared with in seawater (Fig. 2-D). For Y(I), no significant difference was observed 

among the three groups (Fig. 2-F). 

Unlike some microalgae that are sensitive to hazardous compounds during 

wastewater treatment, U. prolifera showed high tolerance to coking waste concentrate. 

Both the short-term and long-term stress tolerance of U. prolifera to coking concentrate 

were evaluated in this study. 

In photosynthetic organisms, both Fv/Fm and Y(II) are considered indicators of 

stress in U. prolifera (Huan et al. 2018; Zhao et al. 2016). Their decreased values indicated 

that U. prolifera was stressed in the coking water in the first 24 h. Additionally, the increase 

in Y(I) observed in this study (Fig. 2-E) was also consistent with the previously reported 

stress responses of U. prolifera (Gao et al. 2011). Although U. prolifera showed stress 

within 24 h of cultivation, its photosynthetic activity had completely recovered. In addition, 

the increased value of Fv/Fm after cultivation in 100% coking concentrate for 168 h, 

indicated a better adaptive growth in coking effluent. This may have resulted from the high 

concentrations of N and P in the coking concentrate, which provided nutrients for algal 

growth. 

The rapid recovery of photosynthetic activity is a prerequisite for algal survival and 

makes the subsequent bioremediation possible. Many refractory substances, such as 

phenols and cyanides, make the biodegradability of the coking wastewater extremely low 

(Kim et al. 2008). U. prolifera could adapt to the inhibitory effects of toxic organics within 

24 h. Additionally, due to its other tolerance capabilities, U. prolifera is a potential 

candidate for coking concentrate treatment. 
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Fig. 2. Photosynthetic activity indicated by algal chlorophyll fluorescence: A and B, Fv/Fm of U. 
prolifera cultivated for 24 h and 168 h, respectively; C and D, Y(II) of U. prolifera cultivated for 24 
h and 168 h, respectively; E and F, Y(I) of U. prolifera cultivated for 24 h and 168 h, respectively; 
SW- seawater and CCW- coking concentrate water. Different letters on the bars represent 
significant differences between groups (p<0.05). 
 

Variations in pH, dO2, and dCO2 Under Constant and Sine Lights 
To mimic natural light during the water treatment, constant and sine lighting were 

used independently for the algal bioremediation of coking effluent. Under constant light, 

the pH increased from 9.02 to 9.37 during the light period and decreased to 9.03 at the end 

of the dark period (Fig. 3-A). When cultivated under constant light, the dO2 in the coking 

effluent increased from 19.9% to 20.8% in 30 min and then gradually decreased to 20.1% 

at the end of light period (14 h). During the dark period, dO2 decreased to as low as 18.3% 

due to algal respiration. The dCO2 level gradually decreased from 6.60% to 4.85% during 

the light period due to photosynthesis and then increased to 6.22% in the dark period due 

to respiration. 

Under sine light, as shown in Fig. 3-B, the light irradiance increased from 0 μE to 

800 μE in 7 h. The light irradiance was 650 μE at 5 h and the dO2 in coking effluents 
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increased up to 21.5%. The dO2 was stabilized at 18.7% during the dark period. The dCO2 

was more rapidly consumed under sine light, as indicated by the rapid decrease in dCO2 

from 6.55% to 3.86%. Additionally, the pH of the coking effluent increased to 9.35 during 

the light period and decreased to 9.02 during the dark period, which was similar to the 

constant light treatment. 

  
 

Fig. 3. The changes in light, dissolved CO2 (dCO2), dissolved O2 (dO2), and the pH of coking con-
centrate during algal bioremediation under a constant (A) and sine (B) white light regime in 24 h 
 

Light Impact on the Physiology of Algal Cells in Coking Concentrate 
The quantum yield (Qy) of U. prolifera during the light and dark periods was 

monitored. The photosynthetic Qy showed different patterns under constant and sine 

lighting. When cultivated in coking concentrate under constant light, the Qy values during 

the light and dark periods were both relatively stable at 0.25 and 0.65, respectively (Fig. 

4). Comparatively, when sine lighting was applied in the first 7 h, Qy gradually decreased 

as the light intensity increased, with a minimum Qy of 0.1 when the irradiance level 

reached 800 μE. With a decrease in light from 7 h to 14 h, Qy gradually recovered to 0.71 

and stabilized during the dark period. This was significantly higher than under constant 

light. 
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Fig. 4. Quantum yield (Qy) of algae cultivated in coking concentrate under constant and sine 
lighting in 24 h 

 

In a natural environment, U. prolifera either floats on the surface or grows attached 

to the intertidal habitat, where it is exposed to natural light in a sine pattern on a daily basis. 

Light provides energy for algal photosynthesis, and thus, the bioremediation. Excess light 

might lead to photoinhibition and low light could lead to inefficient photosynthesis. In this 

study, when sine light was used, U. prolifera showed higher biomass and a relatively 

greater recovery efficiency, as indicated by the elevated Qy during the dark period, which 

equaled the maximum quantum efficiency (Fig. 4). Additionally, sine lighting also led to a 

greater dO2 and lower dCO2 (Fig. 3), which indicated a higher photosynthetic oxygen 

production and likely a greater CO2 fixation rate, respectively. Those results were 

consistent with the higher Qy, and thus led to a higher amount of biomass, compared with 

those of algae treated with constant light. The greater biomass accumulation and rapid 

recovery of photosynthetic activity indicated that sine light was beneficial for algal growth 

in coking concentrate. Thus, the results showed that sine light should be chosen over 

constant light to support algal growth as a coking concentrate treatment. 

Under constant and sine light, the U. prolifera cultivated in coking concentrate 

showed different growth characteristics. Approximately 7 g of fresh alga was used for 700 

mL of coking concentrate treatment under both constant and sine lighting. After 24 h, the 

fresh weight under constant light had increased 32%, while the alga biomass grown under 

sine light increased 53% (Fig. 5).  

During the coking water treatment process using photosynthetic organisms, the use 

of artificial light or natural sunlight needs to be optimized (Muñoz and Guieysse 2006). 

Constant light has shown effects on microalgae’s ability to absorb PAHs from coking water 

(Lei et al. 2007). However, in many cases, constant light at a high irradiance might cause 

photodamage, especially when exposed to a highly toxic environment, such as coking 

concentrate. Based on the findings of the current study, the algae could benefit from a lower 

light during adaption in early stages. In industrial bioremediation applications, it would be 

economically important to utilize either natural light or artificial light in a sine pattern. 
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Fig. 5. Algal fresh weight increased in coking concentrate after 24 h treatment. Different letters on 
the bars represent significant differences between groups (p<0.05). 

 

Removal Efficiency of Nitrogen (N), Phosphorus (P), BOD5, COD, and Heavy 
Metals from Coking Concentrates 

When sine light was provided, N and P in coking concentrate were significantly 

reduced by 24 h, with removal efficiencies of 26.1% and 68.5%, respectively (Fig. 6-A and 

B). In addition, both COD and BOD5 were also significantly reduced after cultivation, with 

removal efficiencies of 13.9% and 50.1%, respectively (Fig. 6-C and D). 

 

 
 
Fig. 6. Removal efficiencies of total nitrogen (A), total phosphorus (B), COD (C), and BOD5 (D) 
from coking concentrates under sine light conditions in 24 h. Different letters on the bars 
represent significant differences between groups (p<0.05). 
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After 24 h of cultivation using sine light, some heavy metals were significantly 

reduced. Heavy metals, including As, Cd, Cr, Cu, Pb, and Zn, were greatly reduced, and 

their removal ratios, defined as (initial-residual/initial value×100%), were 56.0%, 42.4%, 

3.7%, 83.4%, 65.8%, and 11.7%, respectively (Fig. 7). The results showed that U. prolifera 

had low absorption of chromium in coking wastewater. 

 

 
 
Fig. 7. Removal efficiencies of heavy metals by U. prolifera under sine light: A, arsenic (As), B, 
cadmium (Cd), C, chromium (Cr), D, copper (Cu), E, lead (Pb), and F, zinc (Zn). Different letters 
on the bars represent significant differences between groups (p<0.05). 

 

Efficiency and Economic Feasibility 
To date, the blooming of a green tide caused by U. prolifera in northern China’s 

coastal area, has been one of the world’s largest documented green tides (Liu et al. 2013; 

Zhao et al. 2018), and it has occurred every year from 2007 to 2018. Unfortunately, the 
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occurrence of green tides caused by U. prolifera is now a global issue that is continuously 

increasing and the biomass accumulated during a green tide can reach millions of tons 

(Smetacek and Zingone 2013). Thus far, the most effective remediation method is still 

clearing using human labor, which requires a large labor resource. Another issue is the 

storage and processing of the fresh algae. Although many alternative methods for U. 

prolifera biomass utilization, including biogas and animal food additive production, have 

been tested, the results have been far from cost effective (Charlier et al. 2008). Using green 

tide-forming U. prolifera for heavy metal absorption has been investigated (Huan et al. 

2018; Suzuki et al. 2005). The results were encouraging but their economic effectiveness 

of the process needs to be further evaluated. 

Based on the data obtained in this study, 10 kg of fresh algae was required for every 

ton of coking concentrate treatment, and the process could be completed within 24 h. The 

use of microalgae alone or in combination with other methods has been tested and shown 

to be technically applicable, with the exception of biomass harvesting, which greatly 

increased the energy cost (Muñoz and Guieysse 2006). However, the macro-algae U. 

prolifera could be directly harvested without relying on energy-costing techniques, such as 

centrifugation, making it energy efficient. Photobioreactors showed economic and efficient 

advantages (Tolboom et al. 2019), and they could be designed and scaled up for pilot 

applications of coking effluent treatment. Additionally, based on the photosynthetic 

activity, as indicated by recovery of Fv/Fm at 168 h, the U. prolifera showed potential for 

recycling and subsequent wastewater treatment. Its binding capacity for multiple 

biosorption cycles needs further study.  

The most prominent advantage of algal absorption in coking wastewater treatment 

is that hazardous materials could be stabilized in solid biomass instead of aqueous solutions. 

However, for algal biomass collected after wastewater treatment, especially for the case of 

coking wastewater, conventional recycling and utilization processes including landfill or 

direct combustion, were not applicable due to non-biodegradable toxic compounds or 

heavy metals contained in the mixture. The utilization of wild field collected U. prolifera 

has been reviewed by Moral et al. (2019), and it was shown to be promising raw material 

for papermaking, mineral feed additives for livestock (Michalak et al. 2011), and 

biorefinery products (Glasson et al. 2017). The disposal or subsequent processing of 

contaminated U. prolifera must, therefore, be conducted with due consideration of their 

potential hazards. The pyrolysis of the dried biomass has been shown to be applicable for 

recycling of heavy metals and bioenergy (Han et al. 2018) from hyperaccumulators plants. 

Those of the successful applications were possible be used in the U. prolifera case. The 

collected algal biomass could be treated as heavy metals hyperaccumulators and used for 

heavy metal recycling. 

 

 
CONCLUSIONS 
 

1. Marine intertidal algae showed high stress tolerance capabilities toward coking effluent 

concentrate. By subjecting naturally grown U. prolifera to coking effluent concentrate, 

this study demonstrated a possible bioremediation technique. U. prolifera could 

tolerate the coking concentrate, although the alga underwent physiological stress as 

indicated by the decline of photosynthesis. 
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2. The laboratory-scale photobioreactor-based cultivation showed that the green alga U. 

prolifera could adapt to and grow in a coking effluent concentrate environment. 

Additionally, providing light irradiance in a sine pattern significantly improved the 

photosynthesis of U. prolifera. This might be because the low light irradiance in the 

beginning provided a better environment for algal adaption and acclimation to the 

coking effluent concentrate. 

3. The production of oxygen by U. prolifera in the coking effluent might be beneficial 

biodegradation of hazardous pollutants. 
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Fig. S1. Spectrum of white LED used in the photobioreactor during algal cultivation 
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