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a b s t r a c t
Fracturing flowback fluids were biologically treated with Chlorella vulgaris. Individual and interactive 
effects of three variables – the dilution ratio of fracturing flowback fluids, the β-mannanase dose, and 
the powder activated carbon (PAC) dose − on chemical oxygen demand (COD) removal efficiency 
and algal density were optimized by response surface methodology combined with a Box–Behnken 
design. Treatment efficiency and algal density were affected most by the dilution ratio. Optimal con-
ditions for algal growth and proliferation comprised a dilution ratio of 1:3, no β-mannanase, a PAC 
dose of 50 mg/L, and a maximum algal density was 2.51 g/L. The experimental data agreed well 
with the model-predicted COD removal efficiency (42.61% vs. 45.27%) under the optimum condi-
tions of a dilution ratio of 1:5, a β-mannanase dose of 135.28 mg/L, and a PAC dose of 50 mg/L. 
A kinetic equation representing organic compound biodegradation by C. vulgaris was established, 
and the degradation half-life of COD was 132.63 h.
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1. Introduction

Hydraulic fracturing is widely used to enhance the pro-
ductivity of low- and extra-low-permeability oil-gas wells. 
Approximately 60% of wells produce natural gas and petro-
leum with fracking, which has reduced the oil and gas prices 
in the past few years [1–4]. During the fracturing process, 
water containing chemical additives and a propping agent 
is injected into the oil-gas wells under high pressure to frac-
ture the rock formation [1]. After about two weeks, 10%–30% 
of the fracking water returns to the surface as “flowback” 
and contains released oil or gas and other dissolved chem-
icals that can pollute the environment [5–8]. Research on 

fracturing flowback fluids indicates that flow-back contains 
about 134 chemicals that are mostly nontoxic or low-toxic-
ity substances [9,10], thus biological processing of flowback 
fluids is feasible [11–14]. However, new biological technol-
ogies are needed to reduce capital and system operating 
costs and minimize the environmental impacts of fracturing 
wastewater treatment.

Microalgal wastewater remediation has been widely 
studied in recent years, with most studies focused on animal 
and municipal wastewater treatment [15–17]. Microalgae 
biomass is a promising feedstock for biofuels, as it can 
achieve both organic matter removal and biodiesel produc-
tion in wastewater treatment, leading to economic benefits 
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[18,19]. Many factors are affecting the growth of microalgae 
such as mediums, additives, and culture conditions [20–23]. 
Response surface methodology (RSM), an efficient technique 
in evaluating the effect of parameters on treatment results, 
is a collection of mathematical and statistical techniques, 
which can be used to evaluate the relative significance of 
different affecting factors and estimate the interaction effects 
between the factors [24,25]. Nowadays, Box–Behnken design 
(BBD), an RSM design, is useful in developing, improving, 
and optimizing processes, considering its advantages such 
as requiring less design points [26]. However, there is little 
research on the algal treatment of fracturing flowback fluids 
with complex chemicals and high concentration. Impacts 
of influencing factors on the algal biomass production and 
organics removal rate in fracturing wastewater treatment 
with microalgae are also unclear.

In this study, fracturing flowback fluids were biologi-
cally treated with Chlorella vulgaris. β-mannanase was used 
to hydrolyze polysaccharide from fracturing flow-back flu-
ids into monosaccharides to provide a carbon source for 
heterotrophic growth of algae. Continuous variable surface 
equations comprising an RSM combined with a BBD were 
designed to investigate how three factors − dilution ratio of 
fracturing flowback fluids, β-mannanase dose, powder acti-
vated carbon (PAC) dose − would affect chemical oxygen 
demand (COD) removal efficiency and algal density in a 
Chlorella-treated fracturing flowback fluid. Quadratic multi-
factor regression equations comprising the three factors and 
the desired responses were built via RSM-BBD and used to 
optimize the three factors and uncover the rules of two-fac-
tor interactions. A kinetic equation representing organic 
compound biodegradation by algae in wastewater was 
established.

2. Materials and methods

2.1. Materials

C. vulgaris was purchased from the Institute of Hydro-
biology, Chinese Academy of Sciences. Fracturing flowback 
fluid was prepared as follows: 3.5 g/L hydroxypropyl guar 
gum, 1.2 g/L Na2CO3, and 40 g/L KCl were added to tap water 
and stirred to form a base fluid. The base fluid was mixed 
with 24 g/L sodium tetraborate and aged for 12 h to form a 
fracturing fluid. Ammonium persulfate (0.2 g/L) was then 
added to the fracturing fluid and the solution was heated at 
80°C for 1 h.

2.2. Preparation of immobilized C. vulgaris beads

C. vulgaris cells were cultivated in a 1 L bottle containing 
0.6 L of the BG11 medium [27]. Algal cells were harvested in 
the exponential growth phase (1 d after inoculation), concen-
trated by centrifugation at 4,000 r/min for 10 min using a cen-
trifuge (Xinkang Co., China), and re-suspended in 50 mL of 
distilled water to form an algal suspension. The algal suspen-
sion was mixed with 3% sodium alginate and PAC (particle 
size of 74 μm) to form an algal-alginate-PAC suspension, 
which was titrated into a 3% CaCl2 solution at 1 mL/min to 
produce 4 mm-diameter algal beads. The algal beads were 
allowed to crosslink for 10 h, then washed and soaked with 
distilled water.

2.3. Bath cultures

Algal beads (150 beads) were cultivated for 7 d at 25°C in 
100 mL of fracturing flowback fluid at an illumination inten-
sity of 4,000 lux using light/dark alternations of 16 h/8 h. 
Algal beads and flowback fluids were then separated, and 
the COD was quantified using the COD measurement sys-
tem and kit (Lianhua Technology, China). Algal gel balls 
were then added to a 1.5% sodium citrate solution to form 
an algal suspension, which was detected at 658 nm on the 
spectrophotometer; an alga-free medium was used as a blank 
control. The algal cell density (DW) in the culture medium 
was determined according to Eq. (1):

DW  OD  = × =0 4818 0 9932658
2. , .R  (1)

where DW is in g/L, and OD658 is the difference in opti-
cal density at 658 nm between the algae-containing water 
sample and the algae-free medium.

2.4. Response surface methodology-Box–Behnken design

Factors that were expected to influence the COD removal 
rate and algal density were optimized using RSM-BBD. 
The three process variables were the dilution ratio of fractur-
ing flowback fluids, the dose of β-mannanase, and the dose 
of PAC, with the response being the COD removal rate or the 
algal density. Codes and levels of the independent variables 
are given in Table 1. After the selection of process variables 
and their ranges, experiments were established based on 
the BBD. The complete design consisted of 17 runs; the test 
data is shown in Table 2.

Experimental data were analyzed by the response surface 
regression procedure. The second-order polynomial was 
fitted via manual regression as follows:
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where Y is a response; β0 is a constant; βi (i = 1,2,3) is the lin-
ear effect of Xi; βij is the interaction between Xi and Xj; βii is 
the quadratic effect of Xi, and Xi and Xj are the coded val-
ues of the independent variables [28]. Analysis of variance 
(ANOVA) and response surface trials were performed using 
Design Expert 10.0.

3. Results and discussion

3.1. Model build-up and ANOVA

According to the RSM-BBD results, linear and second- 
order polynomials were fitted to the experimental data 

Table 1
Process variables, their codes, and their limits

Variable Unit Code –1 level 0 level +1 level

Dilution ratio – X1 0 1:2.5 1:5
β-mannanase mg/L X2 0 100 200
PAC mg/L X3 0 25 50
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(Table 2) to obtain regression equations for the COD removal 
rate and the algal density against the three process variables, 
which are given in Eqs. (3) and (4), respectively:

Y1 = 29.38 + 18.37X1 + 3.22X2 – 0.22X3 + 1.23X1X2 +  
  5.72X1X3 + 0.97X2X3 – 8.56X1

2 – 7.39X2
2 – 0.35X3

2 (3)

where Y1 is the COD removal rate, X1 is the dilution ratio of 
fracturing flowback fluids, X2 is the β-mannanase dose, and 
X3 is the PAC dose.

Y2 = 2.06 + 0.68X1 − 0.10X2 + 0.12X3 + 0.02X1X2− 
  0.72X1X3 − 0.21X2X3 − 1.00X1

2 + 0.03X2
2 − 0.14X3

2 (4)

where Y2 is the algal density, X1 is the dilution ratio of frac-
turing flowback fluids, X2 is the β-mannanase dose, and X3 is 
the PAC dose.

The ANOVA for the two quadratic response surface 
models are shown in Tables 3 and 4, respectively. Table 3 
indicates that the second-order polynomial model, Eq. (3), 
is significant (p < 0.01) with R2 = 0.9501, adjusted R2 = 0.8860, 
and predicted R2 = 0.5419. Table 4 shows that the second- 
order polynomial model, Eq. (4) is also significant, with 
a very small p-value (0.0022) and a satisfactory coeffi-
cient of determination (R2 = 0.9348, Adj. R2 = 0.8509, Pred. 
R2 = 0.1908). X1 is significant in the two models (p < 0.01) and 
lack-of-fit in both models is insignificant. It is evident that 
the dilution ratio of fracturing flowback fluids exerted the 
largest effect on the COD removal rate and the algal density.

As shown in Fig. 1, the predicted values and experi-
mental values fit well for both the COD removal rate and 
the algal density, indicating the model developed here was 

successful in capturing the correlation between influence 
factors and response factors. Furthermore, the absolute 
average deviation between predicted and observed data is 
very small in both cases – 2.6 in Eq. (3), 0.15 in Eq. (4). Thus, 
ANOVA and reliability analysis indicates that the model 
equations describe the experimental results adequately.

3.2. Effects of process variables

ANOVA indicates that relationships between the dilution 
ratio of fracturing flowback fluids, the β-mannanase dose, 
the PAC dose, and the COD removal rate of algal density 
are quadratic rather than linear. Three-dimensional response 
surfaces were simulated from Eqs. (3) and (4) to examine 
interactions between independent variables and responses 
(Figs. 2–4). These graphs represent the effects of two vari-
ables at their studied ranges with the third one maintained 
at zero level.

Fig. 2 shows the 3D response surfaces for the COD 
removal rate and algal density as a function of the fracturing 
flowback fluid dilution ratio and the β-mannanase dose at a 
constant PAC dose (25 mg/L). The COD removal efficiency 
increased with an increasing dilution ratio and an increasing 
β-mannanase dose and changed slightly when the β-man-
nanase dose > 150 mg/L. The algal density first increased and 
then decreased with an increasing dilution ratio. However, 
the algal density was not largely affected by the β-mannanase 
dose within the respective experimental range. Chlorella, a 
mixotrophic microalgae, can simultaneously use inorganic 
carbon through photosynthesis and use organic carbon via 
heterotrophy. When the dilution ratio increased, the con-
centrations of toxic and harmful substances decreased, thus 

Table 2
BBD matrix with three independent variables (coded values) and corresponding experimental and predicted algal densities

Std. run  
order

Coded value COD removal rate (%) Algal density (g/L)

X1 X2 X3 Expt.a Pred.b ε Expt.a Pred.b ε

1 –1 –1 0 –8.09 –6.93 –1.16 0.32 0.53 –0.21
2 1 –1 0 23.66 27.35 –3.69 1.8 1.85 –0.05
3 –1 1 0 0.73 –2.96 3.69 0.34 0.29 0.05
4 1 1 0 37.40 36.24 1.16 1.91 1.70 0.21
5 –1 0 –1 4.61 8.03 –3.42 0.31 0.05 0.26
6 1 0 –1 32.45 33.33 –0.88 1.65 1.56 0.09
7 –1 0 1 –2.97 –3.85 0.88 0.34 0.43 –0.09
8 1 0 1 47.76 44.34 3.42 1.39 1.65 –0.26
9 0 –1 –1 24 19.42 4.58 1.68 1.73 –0.05
10 0 1 –1 24 24.27 –0.27 1.63 1.94 –0.31
11 0 –1 1 17.68 17.41 0.27 2.68 2.37 0.31
12 0 1 1 20.84 25.42 –4.58 1.81 1.77 0.04
13 0 0 0 29.85 29.38 0.47 2.05 2.06 –0.01
14 0 0 0 32.65 29.38 3.27 2.01 2.06 –0.05
15 0 0 0 31.08 29.38 1.70 1.83 2.06 –0.23
16 0 0 0 32.03 29.38 2.65 2.03 2.06 –0.03
17 0 0 0 21.27 29.38 –8.11 2.36 2.06 0.30

aExpt. means experimental
bPred. means model prediction

http://dict.youdao.com/w/coded value/#keyfrom=E2Ctranslation
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both algal density and COD removal efficiency increased. 
When the dilution ratio was too high, there was not enough 
carbon for the heterotrophic growth of C. vulgaris, so the 
algal density decreased. The β-mannanase influence on 
the COD removal rate and algal density can be explained 
by the fact that some of the Chlorella cells leaked out of the 
algal beads. In this study, a guar-based compound was used 
as the thickener of fracturing fluids. Guar gum consists of 
a β-(1,4)-linked D-mannan backbone with branch points 
of α-D-galactose units attached by (1 →  6) linkages [29]. 
When the β-mannanase dose increased, β-mannanase broke 
guar gum into monosaccharides and thereby promoted 
Chlorella cells inside or outside the algal beads to degrade 
and accumulate organic pollutants, which is consistent 

with previous research [30,31]. Thus, the COD removal rate 
increased, but the density of algal beads did not increase 
by much. When the β-mannanase dose was increased to 
some extent, most guar gum was broken down, so the 
COD removal rate did not increase further.

The effects of the fracturing flowback fluid dilution ratio 
and the PAC dose on COD-removal and algal density at a 
constant β-mannanase dose (100 mg/L) are shown in Fig. 3. 
Clearly, both the COD removal efficiency and the algal den-
sity first increased and then decreased with an increasing 
dilution ratio. PAC barely affected the COD removal rate 
and slightly increased the algal density. A previous study 
showed that activated carbon could mitigate the microalgal 
lysis caused by bacteria and thus increased the dry weight 

Table 3
ANOVA for COD removal rate

Source Sum of squares df Mean square F value P value Remarksa

Model 3,498.02 9 388.67 14.82 0.0009 Significant
X1 2,700.76 1 2,700.76 103.00 0.0000 Significant
X2 82.69 1 82.69 3.15 0.1190
X3 0.38 1 0.38 0.01 0.9072
X1X2 6.05 1 6.05 0.23 0.6456
X1X3 130.99 1 130.99 5.00 0.0605
X2X3 2.50 1 2.50 0.10 0.7666
X1

2 308.47 1 308.47 11.76 0.0110 Significant
X2

2 230.05 1 230.05 8.77 0.0210 Significant
X3

2 0.53 1 0.53 0.02 0.8911
Error 183.54 7 26.22
Lack of fit 96.95 3 32.32 1.49 0.3445 Not significant
Pure error 86.60 4 21.65
Total 3,681.56 16

aR2 = 0.9501, Adj. R2 = 0.8860, Pred. R2 = 0.5419

Table 4
ANOVA for algal density

Source Sum of squares df Mean square F value P value Remarksa

Model 8.41 9 0.93 11.14 0.0022 Significant
X1 3.70 1 3.70 44.11 0.0003 Significant
X2 0.08 1 0.08 0.93 0.3670
X3 0.11 1 0.11 1.35 0.2842
X1X2 0.00 1 0.00 0.02 0.8809
X1X3 0.02 1 0.02 0.25 0.6320
X2X3 0.17 1 0.17 2.00 0.1998
X1

2 4.17 1 4.17 49.75 0.0002 Significant
X2

2 0.00 1 0.00 0.05 0.8271
X3

2 0.08 1 0.08 0.96 0.3608
Error 0.59 7 0.08
Lack of fit 0.44 3 0.15 4.02 0.1063 Not Significant
Pure error 0.15 4 0.04
Total 9.00 16

aR2 = 0.9348, Adj. R2 = 0.8509, Pred. R2 = 0.1908
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of microalgae [32], which is in agreement with the results 
observed in the present study.

The surface sizes of the graphs in Fig. 4 represent the 
combined effect of β-mannanase and PAC at constant 
dilution ratios of 1:2.5, suggesting that the COD removal 
efficiency first increased and then stabilized with increas-
ing β-mannanase. The PAC dose barely affected the COD 
removal rate. The algal density increased as PAC increased, 
but changed only a little as β-mannanase increased.

3.3. Optimum condition and verification

The point prediction option in Design Expert 10.0 was 
used to accurately optimize variables. Experiments were 

conducted under optimal operational conditions to verify 
the effects of the dilution ratio of fracturing flowback flu-
ids, the β-mannanase dose, and the effects of PAC dose on 
COD removal efficiency and algal density. Optimized vari-
ables obtained from the statistical software and experimental 
values are listed in Table 5. The C. vulgaris bead treatment 
of fracturing flowback fluids under optimal conditions is 
illustrated in Fig. 5. Clearly, the C. vulgaris in the beads grew 
well, and the flowback fluids treated with C. vulgaris were 
clear. Table 5 summarizes the predicted responses in each 
setting of variables and the confirmation values obtained 
from the experiments. The optimal conditions were vali-
dated by two experiments using different optimized param-
eters and the errors of COD removal efficiency (response 1) 

Fig. 1. Fitness of predictive value and experimental value of (a) COD removal rate and (b) algal density.

Fig. 2. 3D surface graph of the effects of the dilution ratio and β-mannanase dose on the (a) COD removal rate and (b) the algal density.
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and algal density (response 2) were determined to be 2.66% 
and 0.05 g/L, respectively. The agreement between predicted 
and experimental results verified the model’s validity and 
the existence of an optimal point. This finding indicates that 
RSM-BBD is a reliable tool for determining the optimal val-
ues of individual factors.

3.4. Establishment of a kinetic equation

Algal cell density and biodegradative activity at differ-
ent growth stages have been reported to affect the algal bio-
degradation rate of organic compounds [33]. Based on the 
Monod first-order kinetic equation (–dC/dt = KN), the kinetic 
Eq. (5) of organic compound biodegradation by algae is:

− =
dC
dt

K NU1
 (5)

where C is the concentration of organic compound (mg/L), 
t is time (h), K1 is a constant, N is the algal density (g/L), 
and U is the biodegradative activity of the algae.

If U is linearly related to the algal growth rate (dN/dt),

− =
dC
dt

dN
dt

KN , dC K= − ∫∫ NdN, and C C= − +
1
2

2
0KN  (6)

where C0 is a constant.
Algal density can be expressed as [34]:

Fig. 3. 3D surface graph showing the effects of the dilution ratio and the PAC dose on the (a) COD removal rate and (b) the algal 
density.

Fig. 4. 3D surface graph showing the (a) COD removal rate and (b) the algal density in the presence of increasing β-mannanase and 
increasing PAC.
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where Nc is the carrying capacity, g is the biotic potential, 
N0 is the initial algal density, and t0 is the initial time.

At time intervals t1, t2, and t3 and corresponding algal 
densities N1, N2, and N3 [35],
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where Ne is the algal density at the end of the treatment.
In the biotreatment, the observed C. vulgaris densities 

at 0, 60, 84, and 108 h were 0.17, 0.31, 0.51, and 0.62 g/L, 

respectively. The Nc and g calculated from Eqs. (8) and (9) 
were 0.68 g/L and 0.03, respectively. The second-order 
constant K and the constant C0 can be determined by a lin-
ear regression of Eq. (6) between observed COD concentra-
tions and the square of algal densities observed at different 
periods. The change in the organic compound concentration 
C in fracturing wastewater treated with C. vulgaris over time 
is represented by:

C
e

Rt=
+









 +− =

−
5415 88 0 68

1 3
4893 23 0 81300 03

2
2. . . ..  (10)

The degradation half-life of an organic pollutant deter-
mined in Eq. (10) was 132.63 h, indicating an efficient 
treatment of fracturing wastewater by C. vulgaris.

4. Conclusions

In this study, the technical feasibility of coupling frac-
turing wastewater treatment with algal biomass production 
was evaluated. The RSM and the BBD were successfully com-
bined to analyze linear, quadratic, and interactive effects of 
fracturing flowback fluid dilution ratio, β-mannanase dose, 
and PAC dose on the COD removal rate and the algal den-
sity in fracturing flowback fluids biologically treated with 
C. vulgaris. Under optimized process conditions (dilution 
ratio of 1:5, β-mannanase dose of 135.28 mg/L, PAC dose of 
50 mg/L), the COD removal rate was 42.61%. The optimum 
condition for maximum algal density was a dilution ratio of 
1:3 with no β-mannanase and a PAC dose of 50 mg/L; the 
algal density was 2.51 g/L. A kinetic equation for organic 
compound biodegradation by algae indicated a degradation 
half-life of COD of 132.63 h.
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