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ABSTRACT

In recent years, reverse osmosis (RO) membrane technology has been applied to the recovery of
biogas slurry and how to improve the performance of RO membrane is becoming important. In this
article, response surface methodology (RSM) coupled with uniform design (UD) was applied in RO
process. The removal effect of RO process on chemical oxygen demand (COD) of biogas slurry was
optimized and a model was setup based on RSM and UD. Verification tests showed satisfactory
agreement between the test results and predicted values. In the verification tests, the experimental
value of the COD removal rate was 95.54% with satisfied relative error between the predicted value
and the experimental result. The results showed that integrating UD and RSM is an effective strategy
for optimizing the separation effect of RO process. It is hopeful that this optimization method would
play an important role in engineering fields and have a broad application prospect in future.
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1. Introduction

With the increase in food requirement throughout the
world, the scale of livestock sector is increasing day by day,
which brings about severe environmental issues caused
by the discharge of manure without suitable treatment [1].
Under this background, anaerobic digestion is widely used
as an economical option on manure management, because
it could not only solve the environmental problem of excess
raw manure but also enable livestock farms to maintain
the self-sustainment in electricity and heat supply [2,3].
However, the fermentation residues such as the produc-
tion of biogas slurry have increased significantly with the
large-scale development of anaerobic digestion process. The
biogas slurry contains organic matters and ammonia nitro-
gen, which leads to eutrophication and hypoxia. Therefore,
how to properly dispose of biogas slurry has become a bot-
tleneck problem restricting the development of anaerobic
fermentation technology.

* Corresponding author.

To solve the problem of wastewater pollution and energy
conversion, technologies have developed focusing on organ-
ics removal, water reuse, nutrient removal, recovery and
reuse, such as biological treatment [4], chemical and phys-
ical treatment [5,6]. In recent years, due to the shortage of
environmental resources, the call for recycling biogas slurry
is getting higher and higher and the biogas slurry is often
reused for irrigation and as a fertilizer [7]. Under this cir-
cumstance, reverse osmosis (RO) membrane technology
is gradually being used because it could increase the con-
centration of manure nutrients and decrease the volume of
biogas slurry (due to its excellent interception ability) so that
it could be converted into fertilizers better in agricultural
field [8]. However, while we are focusing on the recycling
of biogas slurry, the effluent quality after RO process should
not be ignored. In areas where water-shortage problems are
encountered, product water reuse would be especially ben-
eficial for the large pig farms [9]. Therefore, how to obtain
high-quality water production is extremely important for
the application of RO membrane technology in biogas slurry
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reuse. A proper optimization for the separation performance
of RO membrane becomes more and more important.

The response surface methodology (RSM) is highly
beneficial for clarifying interactions between dependent
variables. It could also generate optimal result with bal-
anced conditions and display graphically the relationship
of reaction process. Central composite design (CCD) and
Box-Behnken design (BBD) are the two conventional experi-
mental designs generally used in RSM [10,11]. However, the
use of these two methods is still limited for multi-level tests.
It is usually time-consuming to narrow the test range by the
steepest climbing test. When using the CCD to optimize the
three-factor, four-factor, and five-factor test, the test points
could reach 20, 30, and 50, respectively. The corresponding
test number of BBD could reach 17, 29, and 46, respectively.

To overcome this shortcoming, the combination of
uniform design (UD) and RSM appeared. UD was jointly
proposed by Fang and Wang based on quasi-Monte Carlo
method in 1978. It combines number-theoretic methods
and multivariate statistics methods, which arranges smaller
number of experiments by the uniform distribution of test
points [12]. It is especially suitable for multi-factors or
multi-levels tests when the number of tests is desired to be
relatively smaller. In recent years, the combination of RSM
and UD acted as an effective optimization method was
applied widely to chemistry, metallurgical industry and
other fields [13-15].

This study presents a method for optimizing the effluent
quality of RO process. The chemical oxygen demand (COD)
removal rate was selected as the optimization objective. The
RSM improved by UD was used to model and optimize the
removal performance. This optimization strategy is expected
to play an important role in separation techniques.

pretreated by precipitation and UF before RO process.
Specific water quality analysis is shown in Table 1 according
to Chinese standard analytical method [16-19]. In addition,
materials (analytical grade type) such as NaOH and HCI
were purchased from Xilong Scientific Company (Shantou,
China).

2.2. Experimental setup and materials

A membrane system equipped with UF/RO was applied
in this study, as shown in Fig. 1. The wastewater was first
pretreated by precipitation module. UF process was stopped
when biogas slurry in the beaker reaches to 1,000 mL. Then,
the pH of biogas slurry in the beaker was adjusted by 1 M
HCI and NaOH solution. Finally, the biogas slurry was
pumped to RO module. The concentrate refluxes and circu-
lation until cross-membrane flux is stable, the product water
was collected for detection. In the experiment, the precipi-
tation and UF were used to pretreat the wastewater and the
pretreatment could effectively remove larger particulates
and suspended solids of biogas slurry.

The hollow fiber UF membrane was provided by SaiTe
membrane Technology Company (Hangzhou, China). The
UF membrane is made of polyvinylidene fluoride, and the
pore size of membrane is 0.01 um. The RO membrane mod-
ule is BW60 1812-75 aromatic polyamide composite mem-
brane elements manufactured by Dow Chemical Company
(Midland, USA). Applying this RO membrane, the higher
water flux and higher salt rejection rate could be achieved

Table 1
Main characteristics of biogas slurry fed to RO membrane system

Chemical oxygen demand, mg L™ 2,590.83
2. Materials and methods NH,-N, mg L 1,355.69
2.1. Water quality analysis Total nitrogen, mg L 1,765.30
] ) ] Total phosphorus, mg L 13.37
. The biogas sluljry used in this .st.udy was collecteq from Electrical conductivity, ms cm-! 13.37
digester on a typical farrow-to-finish swine operation in H 8.0
Fuyang, Zhejiang province, China. The biogas slurry was P i
Valve
7y
- P4
® Diaphragm pump ome ST
Flowmeter , ® '
®
Y Ultrafiltration ik |
HEN i)
tank heater
- -

Fig. 1. Schematic diagram of the laboratory scale UF/RO membrane pilot.



Q. Dai et al. / Desalination and Water Treatment 162 (2019) 3743 39

under the condition of ultra-low operating pressure. The
polyamide film material is resistant to alkali and acid and
it has good hydrophilic and mechanical strength and it has
high membrane flux and low molecular weight retention.

2.3. Experimental and analytical method

Firstly, the pH value of biogas slurry pretreated by UF is
adjusted by HCl and NaOH solution. Then, the biogas slurry
was adjusted to specified temperature by thermostatic water
bath before RO filtration. Finally, the concentration of COD
was detected by the spectrophotometer (HACH, DR6000,
USA) according to the fast digestion spectrophotometric
method [16]. The separation rate of COD was calculated in

Eq. (1):

C,-
R=—*—x100% 1)

0

where R (%) is the separation rate, C; (mg L) is the con-
centration of COD of biogas slurry before RO process and
C,(mg L) is the concentration of COD in the effluent of RO
process.

3. Analysis and discussion

The operating pressure, influent pH and influent tem-
perature were selected as the control parameters in this
experiment. The whole optimization process is divided into
equation fitting, response surface optimization and verifi-
cation tests.

3.1. Experimental design

The range of these main experimental parameters is
listed in Table 2, which is based on the practical requirements
and the laboratory equipment conditions. The influent pH
ranged from 4.0 to 9.5, the operating pressure ranged from
0.5 to 1.0 MPa and the influent temperature ranged from
15.0°C to 35.0°C.

A UD table of mixing level is carried out according
to the Table 3, then, the actual parameters and results are
listed in Table 4. The L, -discrepancy is index to evaluate the
uniformity of UD, and it is desirable for obtaining smaller
L,-discrepancy. In this article, the L,-discrepancy of UD table
is 0.0433.

3.2. Equation fitting

Stepwise regression and partial least squares are favor-
able methods to fit the results obtained from the UD

Table 2
Experimental range of uniform design

Parameter Parameter range
Influent pH [4.00,9.50]
Operating pressure, MPa [0.5,1.0]

Influent temperature, °C [15.0,35.0]

Table 3
Uniform design with mixed level U, (12 x 6?)

Exp. no. Coded variable levels

Xl XZ X3
1 11 6 2
2 3 1 4
3 12 3 5
4 8 2 1
5 6 5 3
6 2 6 5
7 5 2 6
8 4 4 1
9 7 5 4
10 9 4 6
11 1 3 2
12 10 1 3

Table 4
Experimental results according to uniform design table

Exp. no. X, X, X, Y
1 9 1 19 95.07
2 5 0.5 27 78.21
3 9.5 0.7 31 90.27
4 7.5 0.6 15 89.04
5 6.5 0.9 23 90.96
6 45 1 31 78.07
7 6 0.6 35 80.68
8 5.5 0.8 15 88.63
9 7 0.9 27 92.60
10 8 0.8 35 92.19
11 4 0.7 19 78.49
12 8.5 0.5 23 90.55

according previous research [20,21]. In this article, the
progress of model fitting was achieved using DPS7.05 soft-
ware. Then, linear and quadratic polynomial equations of
stepwise regression and partial least squares were built to
describe the relationship between the experimental parame-
ters and separation rate of COD. Finally, in order to judge the
quality of these models, the diagnostic criteria of multivariate
regression was performed [22].

The detailed statistical analysis of models is listed in
Table 5, where R? is the determinate coefficient, which is
specified as the ratio of the described variable to the total
variation and the degree of fitness of the model; F-value is a
statistic originated from the Fischer test that displays whether
the data departs significantly from the mean. The regres-
sion model is acceptable when the F-value of the result is
greater than critical F-values (at a certain level of significance
expressed as alpha; in this article, the value of alpha is 0.05).
The p-value is probability of differences between samples
probability due to sampling errors. Specifically, if a p-value
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Table 5

Regression models of stepwise regression and partial least squares for the separation rate of COD

No. Fitting method Fitting model R? F-value pvalue Critical F-value
(1)  linear stepwise regression Y =64.8358 +2.9565X + 10.7829X, — 0.2327X, 0.8431 14.3324 0.0014 4.07
(2)  quadratic polynomial Y =43.5540 + 10.5489X, — 0.9066X7 - 0.0224X>+  0.9797 58.1537 0.0001  4.39
stepwise regression 1.7165X X,+0.1337X X,
(3)  Linear model of partial Y =63.2632 +2.9781X, +11.1058X, - 0.1852X, 0.8401 - - -
least squares
(4)  Quadratic polynomial Y =21.2704 +8.7879X, +72.8229X, + 0.0349X, - 0.9204 - - -

model of partial least
squares

0.6229X? — 36.5459X2 +0.0008X? +
1.6846X, X, + 0.0468X,X, - 0.7556 X, X,

Note: Y is the separation rate of COD. X, X, and X, represent the influent pH, the operating pressure and the influent temperature,

respectively.

is smaller than 0.05, the models would fit the experimental
results well.

As shown in Table 5, model (2) has highest determinate
coefficient R* among four models, which displayed favor-
able fitness. In addition, the F-value (58.15) of model (2) was
greater than critical F-value (F, (5,6) = 4.39), which proves
that this equation is highly significant. In addition, the p-value
of model (2) is only 0.0001, which further demonstrates the
good fitness of model (2). Therefore, the best model was as
follows (introduce and reject insignificant variables at the
confidence level of a = 0.10):

Y = 43.5540 + 10.5489X, —0.9066 X — 0.0224X> +
1.7165X X, +0.1337X,X, @)

where Y is the separation rate of COD; X,, X, and X,
represent the influent pH, operating pressure and the
influent temperature, respectively.

The relationship of experimental values and predicted
values based on the model (2) is shown graphically in Fig. 2.
The predicted values were generated after calculating using
model (2). As depicted in Fig. 2, most points distributed
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Fig. 2. Predicted and actual separation rate of COD.

near to the straight line where the measured and predicted
removal efficiencies are similar, indicating further that the
regression equation fits the experimental results well.

3.3. Analysis of response surface

Through significance analysis, the quadratic polynomial
model of stepwise regression had been selected. However,
it is hard to predict intuitively the separation performance
by model (2), because that there is a complex nonlinear rela-
tionship in this equation. Based on the quadratic polynomial
model of stepwise regression, one independent variable
was controlled at middle level when the other independent
variables were adjusted from the lowest to the highest level.
Then, the interaction between experimental parameters and
the separation rate of COD was investigated as illustrated in
Figs. 3a—d.

In Figs. 3a and b, the degree of growth for separation rate
of COD is low when the influent pH is less than 7. Higher
COD rejection rate could be achieved when influent pH is
relatively high. On the other hand, the higher the operating
pressure, the better the COD removal rate obtained. Also, the
degree of COD removal rate could be enhanced when the
influent pH is between 6.0 and 8.5. This shows that the COD
rejection rate is more affected by influent pH. In addition, as
illustrated in Figs. 3c and d, the influent temperature has a
strong influence on the COD rejection rate when the influ-
ent pH is less than 6, and the COD rejection rate decreased
as the influent temperature increased. The COD rejection
rate could be maintained at a higher level regardless of the
influent temperature when the influent pH is greater than 6.

In order to achieve a better explanation of the relationship
between COD removal rate and investigated variables, the
effect of single factor on the COD removal rate was explored.
X, X, and X, in Eq. (2) were adjusted as follows: two of the
three influencing factors are controlled to a medium level,
while the other influencing factor is changed within the oper-
ating range. Through the above adjustment, the respective
effect of three influencing factors on COD separation rate
was observed separately (presented in Figs. 4a—c).

Fig. 4a presents the effect of operating pressure on COD
separation rate. As could be seen, the separation rate of COD
increased from 87.12% to 92.70% with the operating pres-
sure increased. According to dissolution diffusion model,
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Fig. 3. Response surface plots and contours for interactions of investigated parameters. (a) and (b) reflect the interaction between
operating pressure and the influent pH; (c) and (d) reflect the interaction between the influent temperature and the influent pH

the solvent flux depends on the pressure difference [23,24].
The solvent flux will increase and the solute flux will stay the
same with operating pressure increased, which results in the
increase of removal rate of solute. Fig. 4b presents the effect
of the influent pH on COD separation rate, it showed a trend
of rising first and then declining. This could be attributed
to the dissociation of organic acids [25]. The organic acid
will be unionized at lower pH, and will pass more readily
through membrane pores. As the pH increases, the organic
acid will be dissociated, and then most of the dissociated
acid is retained due to its mutual repulsion with the mem-
brane [26,27]. The concentrates of the membrane could be
further treated by advanced oxidation, such as electrochem-
ical oxidation [28-29]. The decrease in the retention rate at
pH 9.5 may be due to membrane fouling caused by inorganic
salt deposition with pH increased, which leads to a decrease
in the rejection rate. Fig. 4c presents the effect of the influent

temperature on COD separation rate. As can be seen, the
separation rate of COD maintained relative stability before
20°C, and it showed sharp decline after 20°C.

3.4. Verification

The optimum conditions and the optimal value were
generated by data processing system according to the results
of UD. Optimum conditions and optimal value are given
in Table 6. For the purpose of verifying the validity of opti-
mal results, three parallel tests are carried out based on the
optimal condition. According the accuracy of experimen-
tal equipment and measuring instrument, the optimum
conditions were adjusted appropriately in verification tests.
The result indicated that the separation rate of COD (96.41%)

predicted in optimum conditions was close to the mean value
of three verification tests (95.54%).

41
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Table 6

Results of predicted and experimental result at optimum
conditions

X, X,MPa  X,°C Ry, %
Optimal value 8.0631 1.0 25.7910 96.41
Actual value 8.1 1.0 25.8 95.54

4. Conclusion

In this article, the RSM coupled with UD was applied to
model and optimize the COD removal rate. According to the
experimental results, the influent pH and operating pressure
(X,X,), the influent pH and the influent temperature (X, X,)
had interactive effects on the COD separation rate. Thus, we
focused the combined choice for the influent pH, operating
pressure and the influent temperature in RO separation pro-
cess. The optimal conditions for COD separation rate were
the influent pH of 8.1, operating pressure of 1 MPa and the

influent temperature of 25.8°C. Under this operating con-
dition, the predicted optimal value of COD removal rate
reached is 96.41%. The actual separation rate of COD was
95.54%, which was in agreement with the predicted result.
In conclusion, the combination of the UD and RSM is an
effective and powerful approach for the optimization of RO
process for biogas slurry treatment. This paper could provide
basic data and technique reference in engineering fields and
have a broad application prospect in future.
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