
𝑅3 = (1 −
T

𝑇0
) × 100% (3) 

Where R3 is the removal efficiency of turbidity, T is the turbidity value during the treatment, T0 is the initial 
turbidity value. 

2.5 CNC characterization 

The morphology of QT/CNC was observed using a atomic force microscopy (AFM, BRUKER AXS GMBH, 
Germany). X-ray diffraction (XRD) patterns of samples were obtained using an X-ray powder diffractometer 
(Bruker D8-Focus Advance) with Cu Kα radiation and acquired with the range of 5−60°. Fourier Transform

Infrared Spectrometer (FTIR, Shimadzu IRAffinity-1S) analyses were carried out within a range of 400–4000 
cm-1. Zetasizer (Nano ZS, Malvern PANalytical, UK) were used to measure zeta potential. A turbidimeter 
(HACH2100N, HACH, Shanghai, China) were used to measure the turbidity and fluorometer (AMIscience, USA) 
were used to measure the fluorescence and chl-a.  

3. Results and discussion

In this section, QT/CNC was characterized and its removal effect on Phaeocystis globosa was explored. Finally, 
the removal mechanism was analyzed. 

3.1 Characterization of CNC and QT/CNC 

Figure 1: AFM height images of the (a) CNC and (b) QT/CNC; X-ray diffractograms of CNC and QT/CNC (c); 

FTIR spectra of QT and QT/CNC (d). 

AFM images of CNC and QT/CNC were shown in Figure 1a and Figure 1b. The length of CNC and QT/CNC 
were 256.2 nm and 353.8 nm. The diameter of CNC and QT/CNC were 16.7 nm and 25.2 nm. The results 
showed that the morphology and shape of the modified CNC were basically the same as that of the CNC, and 
the effect of QT on the morphology and size of the CNC was negligible. X-ray diffractograms (XRD) patterns of 
CNC and QT/CNC were exhibited in Figure 1c. The diffraction peaks at 16.4°, 22.63° and 34.4° were assigned 
to the typical cellulose type I of CNC. The diffraction peak at 27.3° was attributed to the QT. The results indicated 
that QT/CNC had the structures of CNC and QT. The FTIR analysis results of QT and QT/CNC were shown in 
Figure 1d. The typical peaks for QT in absorption bands at 3314 cm-1 (-OH), 1667 cm-1 (-C=O), 1613 cm-1 (-
C=C), 1513 cm-1(benzene ring). In the spectrum of QT/CNC, the peaks at 1667 cm-1, 1613 cm-1 and 1513 cm-1 

moved to 1655 cm-1, 1611 cm-1 and 1517 cm-1. The new typical peaks are at 3330 cm-1 (-OH), 1167 cm-1(C-O-
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C). The results indicated that the interaction between CNC and QT appeared by hydrogen bond (Chen et al., 
2017). 

Figure 2: (a) Comparison of different pretreatment processes on algae removal. ([algal cell density] =1.5×109 

cells L-1,  pH = 9.45, T = 25 oC, Time = 3h, [QT] = 0.1 g L-1, [CNC] = 0.05 g L-1, [QT/CNC] = 0.15 g L-1) (b) Time 

curve of Phaeocystis globosa removal using CNC, QT and QT/CNC ([algal cell density] =1.5×109 cells L-1,  pH 

= 9.45, T = 25 oC, Time = 3h, [QT] = 0.1 g L-1, [CNC] = 0.05 g L-1, [QT/CNC] = 0.15 g L-1).  

3.2 Effects of different substances and reaction time on removal efficiency of Phaeocystis globosa 

Figure 2a shows the impacts of three processes including CNC, QT and QT/CNC on the removal of Phaeocystis 

globosa. An approximate removal performance was observed compared with the control group by using a 
flocculation process of CNC, which only achieved limited removal rates of 2.6 %, 0.49 % and 14.06 % for 
fluorescence, chl-a and turbidity, respectively. The removal rates almost unchanged in 24h, indicating that little 
algae could be removed by CNC. When the algae was removed by the QT, the removal rates of fluorescence, 
chl-a and turbidity were 43.28 %, 46.84 % and 63.68 %. The remaining amount of algae cells was 21.57 % after 
24 h. Among all the chosen removal processes, the combined process of QT/CNC treatment achieved the 
highest removal rate for algae as that fluorescence, chl-a and turbidity were 82.92 %, 84.89 %, and 88.21 %. 
After 24 h, the removal rate was nearly stable (Figure 2b). The results demonstrated that treatment by QT/CNC 
could not only could remove Phaeocystis globosa, but also improve the flocculation efficiency.The effect of the 
concentration and proportion of QT and CNC combination in QT/CNC on algae cell removal rate can be further 
explored. 

Figure 3: (a) Effect of CNC doses on algae removal. ([algal cell density] =1.5×109 cells L-1,  pH = 9.45, T = 25 
oC, Time = 3h, [QT] = 0.1 g L-1) (b) Effect of QT doses on algae removal. ([algal cell density] =1.5×109 cells L-

1,  pH = 9.45, T = 25 oC, Time = 3h, [CNC] = 0.05 g L-1) 
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3.3 Optimization process of different parameters 

3.3.1 Effects of CNC dose 

Figure 3a showed the effect of CNC dosages ranging from 0.025 to 0.1 g L-1 on algae removal under the premise 
of keeping the QT concentration at 0.1 g L-1. The removal rate of Phaeocystis globosa was enhanced with the 
increase of initial CNC dosage rom 0.025 to 0.05 g L-1, while decreased with the initial CNC dosage further 
increasing to 0.075 g L-1. An optimum CNC dose for this experimental condition was advised to be 0.05 g L-1, 
at which the removal rates for fluorescence and chl-a reached up to 82.92% and 84.89%. As aforementioned, 
CNC could flocculate and precipitate the algae cells. The removal rate of algae cells was expected to be 
heightened with increasing CNC dosage. However, overdose of CNC might reduce the inhibition of QT on algae 
cells and impair settlement efficiency. 

3.3.2 Effects of QT dose 

The impact of QT dose on the removal of Phaeocystis globosa under the premise of keeping the CNC 
concentration at 0.05 g L-1 was tested (Figure 3b). The removal rates of algae and chl-a were enhanced with 
the increase of QT dose within 0.1 g L-1. An optimum QT dose of 0.1 g L-1 was proposed, at which time the 
highest removal rates of no less than 82 % for chl-a and fluorescence were achieved. Moreover, the removal of 
Chl-a was observed to maintain at high efficiencies (75.1 % – 84.9 %) ranging from 0.075 to 0.1 g L-1, which 
was proposed to be attributed to the effective destroy of photosynthetic system of Phaeocystis globosa by QT 
(Huang et al., 2015). 

3.4 The mechanism on the removal of Phaeocystis globosa 

To better reveal the mechanisms on the removal of Phaeocystis globosa by QT/CNC, the zeta potentials of 
CNC, QT and QT/CNC were observed by Zetasizer (Figure 4). The zeta potentials were negative, which were 
consistent with the charge of algae cells. there is no charge neutralization between QT/CNC and algae cells, so 
the surface charge is not the main reason affecting the removal effect.To further confirm the role of CNC and 
QT in algae removal system, the effect of QT/CNC on the pH of algal solution was analyzed. The pH value of 
algal liquid decreased with the increase of CNC and QT concentration, and the maximum range was from 9.45 
to 7.36. The rapid growth of HABs will lead to the increase of pH value, and properly reducing the pH value of 
water body is conducive to inhibit the growth of algae cells. 
Based on the foregoing results, a possible mechanism of the removal of Phaeocystis globosa by QT/CNC was 
illustrated in the schematic diagram (Figure 4). After the addition of QT/CNC into the Phaeocystis globosa water,  
QT/CNC was responsible for the destruction of alage. QT was a potent pro-oxidative agent which could induce 
higher reactive oxygen species(ROS) production in differents cells. As a result, excessive production and 
intracellular concentrations of ROS, destruction of intracellular structures and possess decreased activity, which 
made it more liable to be destabilized and aggregated (Torres et al., 2008). Therefore, algal cell could be 
effectively adsorbed by QT/CNC. At the same time, most of Na+ was adsorbed on the surface of deprotonated 
anionic sulfate ester groups under alkaline conditions(Qi et al., 2019). Consequently, electrostatic shielding 
occured, which could result in the aggregation and sedimentation of the CNC, which benefits the removal of 
Phaeocystis globosa. 

Figure 4: Schematic diagram for the Modification of QT/CNC and the removal of Phaeocystis globosa 
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4. Conclusions

This study indicates that the process of QT/CNC process flocculation is competent in removing Phaeocystis 

globosa cells, with simple operation, high removal rate in shorter running time, eco-friendly and no secondary 
pollution. Under optimal conditions, the removal rate of fluorescence, chl-a and turbidity were  82.92%, 84.89%, 
and 88.21% in 3 hours. The results demonstrated that the destruction of Phaeocystis globosa occured on the 
cell surface due to QT/CNC could induce higher ROS production in algae cells. Additionally, algal cell could be 
effectively adsorbed by QT/CNC, which could destabilize algae cells. The controlling of QT/CNC depends on 
the trade-off between the destruction of intracellular structures by generated higher ROS and the aggregation 
by  the behavior of CNC. On the basis of the highly efficient removal for the Phaeocystis globosa, the QT/CNC 
might have hopeful prospects in the HABs control in the near future. The effects of QT/CNC on marine 
organisms are required to be carried out in future. 
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