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ABSTRACT

This study carried out the anaerobic digestion of recycled paper mill wastewater (RPMW) in a high-rate novel anaerobic baffled reactor. The
parametric interaction between influent chemical oxygen demand (CODy,) and hydraulic retention time (HRT) was modeled, and process
responses were optimized by the response surface methodology (RSM) using a three-level factorial design. The results showed that the opti-
mal condition was determined at COD;,, of 4,000 mg/L and HRT of 2 days and predicted values for COD removal, biochemical oxygen demand
(BOD) removal, lignin removal, CH, content, and CH, production were found to be 94%, 98%, 68%, 85%, and 20.8 L CH,/d, respectively.
According to the statistical analysis of the RSM, all models were significant with very low probability values (from 0.0045 to <0.0001).
The parametric interaction showed that increasing the COD;, positively influenced the COD, BOD, and lignin removal efficiencies, effluent
alkalinity, and methane content and production but was unfavorable for pH and effluent volatile fatty acid (VFA). Shortening the HRT nega-
tively affected the COD, BOD, and lignin removal efficiencies, pH level, alkalinity, and methane content and production, and increased the VFA
effluent concentration. The optimal conditions were established at 4,000 mg/L COD and HRT of 2 days, corresponding to the predicted COD,
BOD, and lignin removal efficiencies of 91, 98, and 71%, respectively, whereas 28 mg/L of VFA and 0.125L of CH4/g CODiemoved WEre
generated.

Key words: anaerobic digestion (AD), high-rate novel anaerobic baffled reactor (HR-NABR), modeling, optimization, recycled paper mill
wastewater (RPMW), response surface methodology

HIGHLIGHTS

® RPMW was anaerobically treated using an HR-NABR.
® The parametric interaction of COD;, and HRT and their effects on the HR-NABR performance were modeled using the RSM.
® The optimal conditions were established at 4,000 mg/L COD and HRT of 2 days.

1. INTRODUCTION

One of the most critical industries globally, especially in Malaysia, is the recycled paper industry. There are 20 paper mills in
Malaysia, 18 of which use raw materials of 100% recycled paper. From this recycled paper industry, recycled paper mill
wastewater (RPMW) is being generated. RPMW is categorized as complex wastewater due to significant amounts of sus-
pended solids, biological oxygen demand (BOD), chemical oxygen demand (COD), lignin, ammonia, volatile fatty acid
(VFA), and biodegradable organics (Zwain et al. 2016a). Therefore, RPMW must be treated according to permissible
limits before being released into a municipal sewer system or receiving streams.

Owing to high amounts of readily biodegradable materials, RPMW could be anaerobically treated with different combi-
nations of biological systems (Cai et al. 2019). Anaerobic digestion (AD) is one of the most appropriate and efficient
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methods that have been used to treat industrial and municipal wastewater. It has the potential to produce methane and a
semi-stabilized digest, which can be further processed as a substitute for inorganic fertilizers (Chatterjee & Mazumder
2019). However, for the effective utilization of AD in industrial wastewater treatment, the successful development of high-
rate anaerobic reactors is required. By maintaining the biomass in the reactor for a longer time, more microorganisms will
be available in the system, resulting in a higher degradation process of wastewater. In this regard, the anaerobic baffled reac-
tor (ABR), a modification of an up-flow anaerobic sludge blanket reactor, was found to be an effective system for various
wastewater treatments. It is a staged reactor that promotes biomass retention within the system by driving water flows up
and down across several compartments (up to eight) (Zhu et al. 2015). Subsequently, the efficacy of AD is defined by the
microorganism behavior and quantity, which are influenced by the wastewater composition, system configuration, operation
condition, and the microbial content formed in the anaerobic reactor (Zwain ef al. 2019a). To further validate the efficacy of
AD and the operational performance of the reactor system, statistical modeling and optimization studies are essential for
long-term operation to verify its practicability in the RPMW treatment.

Therefore, the study’s main objective is to model the performance of a high-rate novel ABR (HR-NABR) treating RPMW
using the response surface methodology (RSM). This novel system is designed to overcome the drawbacks of the conventional
ABR by modifying the reactor structure and microorganisms’ growth mechanisms through (1) changing the baffles’ hydraulic
surface to improve the contact between the organisms and RPMW; (2) by considering the slow growth rate of methanogenesis
compared to acidogenesis bacteria, the volumes of the compartments are customized to have different hydraulic retention
times (HRTs) to offer a suitable condition for the co-growth of acidogenic and methanogen bacteria; and (3) packing
materials were placed in the system to combine the development of anaerobic attached and suspended growth microorgan-
isms. Specifically, the study aims to evaluate the parametric interaction of influent chemical oxygen demand (CODy,) and
HRT with 10 responses of COD and BOD removal efficiencies, COD and BOD removal rates, lignin removal, methane con-
tent and production, effluent pH, effluent alkalinity, and effluent VFA using a three-level factorial design (3°-FD). The
predicted results were validated, and the optimal operating conditions of the HR-NABR for achieving a high operational per-
formance during the RPMW treatment were then determined.

2. METHODOLOGY

2.1. Experimental setup and operational procedure

RPMW was used as a substrate in this study and collected from the Muda paper mill in Simpang Ampat, Penang, Malaysia. It
had an average COD concentration of 3,812 mg/L, a BOD concentration of 1,868 mg/L, a volatile suspended solid concen-
tration of 1,967 mg/L, and a biodegradability (BOD/COD) ratio of 0.49. The system used is an HR-NABR operated at a
laboratory scale, and the schematic diagram is shown in Figure 1. It has five compartments separated by modified vertical
baffles with a total effective operational volume of 35 L. The system is designed to combine the growth of suspended and
attached microorganisms by adding packing materials to the system. Further information about the system configuration
was previously illustrated (Zwain et al. 2017). The reactor was inoculated with flocculant anaerobic sludge supplied from
an anaerobic pond treatment system treating the palm oil mill effluent from Malpom Palm Industries Bhd, Penang, Malaysia.

The reactor start-up process was previously carried out (Zwain ef al. 2016a, 2016b). After that, the system process perform-
ance of the HR-NABR was investigated by varying CODj;, concentrations (1,000-4,000 mg/L) and HRT (3-1 day(s)) in nine
transition steps, 2 weeks each, for a total period of 126 days (Zwain et al. 2018), as shown in Table 1. Different COD con-
centrations were obtained by diluting the RPMW. At a constant HRT, the reactor was first operated at COD;, of
1,000 mg/L, then increased to 2,500 and finally 4,000 mg/L. Subsequently, the reactor HRT shifted from 3 to 2 days and
finally 1 day, varying COD;, from 1,000 to 2,500, then 4,000 mg/L. At the end of each operational experiment, COD and
BOD removal efficiencies, COD and BOD removal rates, lignin removal, methane content and production, effluent pH, efflu-
ent alkalinity, and effluent VFA were analyzed.

2.2. Interaction modeling

The RSM was used to model the HR-NABR performance and design a series of 13 experiments, and experimental design con-
ditions are presented in Table 2. The 3%-FD was selected to analyze the interaction of two independent variables (CODj, and
HRT) on the HR-NABR performance responses. Ten responses of COD and BOD removal efficiencies and rates, lignin removal
efficiency, methane content and production, effluent pH, effluent alkalinity, and effluent VFA were evaluated. The chosen inde-
pendent variables (i.e., COD;, and HRT) were studied at three levels, i.e., low (—1), central (0), and high (+1), and the parameter
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Figure 1 | HR-NABR layout showing the system configuration, sampling points, biogas collection, and feeding tank.

Table 1 | Summary of experimental conditions for the HR-NABR treating RPMW

Experimental no. Operating period (days) COD;, (mg/L) HRT (day(s)) OLR (g/L day)
1 1-14 1,000 3 0.33

2 15-28 2,500 3 0.83

3 29-42 4,000 3 1.33

4 43-56 1,000 2 0.5

5 57-70 2,500 2 1.25

6 71-84 4,000 2 2

7 85-98 1,000 1 1

8 99-112 2,500 1 2.5

9 113-126 4,000 1 4

ranges are shown in Table 3. Of 13 experiments generated, nine were organized in a factorial design. The other four were to
assess the replication of the central point to get a reasonable estimation of the experimental error.

The RSM includes screening and codifying operation factors, the mathematical-statistical process of data, analysis of the
fitted model, and obtaining optimal conditions (Rahman et al. 2016). The coefficients for the model were determined by fit-
ting the experimental data through a model in the form of Equation (1). Accordingly, the connection between the responses,
input, and the quadratic equation model for predicting the optimal variables was calculated.

Y = By + BiXi + BiX; + B X7 + ﬁij,'Z + B XiX; (1)

where Y, 8, X, i, and j are the process response, regression coefficient, coded independent variables, linear coefficient, and
quadratic coefficient, respectively. All these coefficient variables are processed using the multiple regression analysis. The
results were examined using the analysis of variance (ANOVA) in the Design Expert Software (Stat-Ease Inc., version
12.0.1.0). The response contour plot was generated using this software. Model terms were selected or eliminated depending
on the probability of error (P) value, where 95% of confidence levels were selected for this study. Hence, three-dimensional
(3D) plots are illustrated to show the effect of the two variables. The 3D presentations would help examine the simultaneous
interaction of COD;, and HRT variables and their effects on the responses.
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Table 2 | Experimental levels and ranges of the independent variables

Variables

Factor 1 Factor 2
Run no. COD;,, concentration (mg/L) HRT (day(s))
1 1,000 3
2 2,500 3
3 4,000 3
4 1,000 2
5 2,500 2
6 2,500 2
7 2,500 2
8 2,500 2
9 2,500 2
10 4,000 2
11 1,000 1
12 2,500 1
13 4,000 1
Table 3 | Experimental conditions of the HR-NABR treating RPMW using a three-level factorial design

Range and levels

Dependent variables -1 0 +1
COD;, concentration (mg/L) 1,000 2,500 4,000
HRT (day(s)) 3 2 1

2.3. Model desirability

The accuracy of predicted values over experimental values was evaluated using RSM analytical tools. Model fitness was tested
by assessing the importance of determination coefficients of R?, predicted R?, and adjusted R%. As much as R? is close to 1,
the response reaches its ideal value and falls within the perfect intervals. Additionally, the predicted R® must reasonably agree
with the adjusted R? by not more than 0.2. Adequate precision measures the signal-to-noise ratio. A ratio of 4 and more is
desirable to indicate acceptable model discrimination. The model has a strong enough signal to be used for optimization.

2.4. Process optimization

To obtain an efficient HR-NABR performance, an optimization of experimental responses was performed using the Design
Expert Software. As independent variables, high COD;, concentration and a short HRT were selected as a goal for parametric
optimization. In contrast, maximum COD, BOD, and lignin removal efficiencies, high methane production, and low-effluent
VFA were set as a goal response. The optimum condition was numerically generated, and it was determined with the highest
overall desirability.

3. RESULTS AND DISCUSSION
3.1. Model desirability

Predicted data over experimental responses are shown in Table 4, and the model’s desirability coefficients are shown in
Table 5. Good statistical models of best fit have been established to have R? values between 0.75 and 1 (Ghaleb et al.
2020). Regression data showed that the coefficient of determination R? is of close fit to 1 for most of the responses and slightly
low for BOD removal (0.78), effluent alkalinity (0.82), and methane content (0.84). The high R? value indicates that the model
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Table 4 | Experimental and predicted responses

COD removal rate

BOD removal rate

Ln CH, production

COD removal (%) BOD removal (%) (g/L day) (g/L day) Lignin (%) Effluent pH 1//Effluent alkalinity(mg/L) Effluent VFA (mg/L) CH, content (%) (L CH,/d)
Run no. Exp. Pred. EXp. Pred. EXp. Pred. EXp. Pred. EXp. Pred. EXp. Pred. EXp. Pred. EXp. Pred. EXp. Pred. EXp. Pred.
1 93 95 97 96 0.31 0.39 0.15 0.15 50 59 6.7 6.7 0.067 0.063 4 5 55 58 -1.22 —-0.59
2 96 97 97 97 0.80 0.79 0.29 0.36 53 56 6.7 6.7 0.049 0.052 10 9 58 64 0.45 0.22
3 96 93 99 929 1.28 121 0.66 0.58 65 63 6.6 6.6 0.039 0.041 13 14 79 70 1.26 1.02
4 93 92 95 95 0.47 0.38 0.19 0.13 55 57 6.5 6.5 0.036 0.046 9 10 74 77 0.75 0.53
5 95 94 96 96 119 1.16 0.58 0.57 64 64 6.6 6.5 0.044 0.042 19 18 85 83 145 133
6" 95 94 96 96 119 116 0.58 0.57 64 64 6.6 6.5 0.044 0.042 19 18 85 83 145 133
7* 95 94 96 96 1.19 116 0.58 0.57 64 64 6.6 6.5 0.044 0.042 19 18 85 83 1.45 1.33
8 95 94 96 96 1.19 116 0.58 0.57 64 64 6.6 6.5 0.044 0.042 19 18 85 83 1.45 1.33
9* 95 94 96 96 1.19 116 0.58 0.57 64 64 6.6 6.5 0.044 0.042 19 18 85 83 1.45 1.33
10 87 91 98 98 1.74 1.95 0.92 1.01 71 70 6.6 6.5 0.042 0.038 26 27 81 89 1.66 214
11 85 84 93 94 0.85 0.93 0.48 0.52 60 58 6.1 6.1 0.060 0.056 18 16 64 61 1.61 1.65
12 84 86 97 95 210 2.09 120 118 64 64 6.3 6.3 0.058 0.059 23 28 68 68 255 245
13 83 82 97 97 3.32 325 1.88 1.85 68 71 6.4 6.4 0.056 0.062 41 39 71 74 3.03 3.25

Exp. is the experiment and Pred. is the predicted.

@Replicated experiments.
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Table 5 | Model desirability of predicted data over experimental responses

Response R? Adjusted R? Predicted R? Adequate precision SD Mean cv PRESS
COD removal (%) 0.89 0.83 0.54 11.6 2.05 91.70 2.23 137.87
BOD removal (%) 0.78 0.73 0.54 14 0.75 96.40 0.77 11.64
COD removal rate (g/L day) 0.99 0.98 0.93 47.4 0.1 1.30 7.57 0.46
BOD removal rate (g/L day) 0.99 0.99 0.94 50 0.055 0.70 8.3 0.16
Lignin (%) 0.92 0.89 0.75 19.5 1.94 62.00 3.13 108.38
Effluent pH 0.99 0.99 0.99 137 0.006 6.50 0.093 0.002
Effluent alkalinity (mg/L) 0.82 0.73 0.52 7.9 0.005 0.05 10.26 0.0011
Effluent VFA (mg/L) 0.96 0.95 0.88 32.3 1.94 18.38 10.53 118.31
CH, content (%) 0.84 0.78 0.54 11.2 5 75.00 6.75 660
CH, production (L CH,4/d) 0.93 0.91 0.83 26.5 0.3 1.33 22.59 2.12

PRESS is the predicted residual sum of squares for the model, SD is the standard deviation, and CV is the coefficient of variation.

can better estimate responses (Gopal ef al. 2021). A lower close fit of predicted data could be due to low variation in responses
to a change in operational variables resulting from the nature of the biological process reaching a steady state. Additionally,
the values of adjusted R? and predicted R? were within 0.2, except for effluent alkalinity. However, adequate precision
measures the range of predicted response relative to its associate error (Jalaludin ef al. 2016). The results proved that an ade-
quate precision value was >4 for all responses; the lowest was 7.9 for effluent alkalinity, yet it confirms that this model is
desirable. As suggested by Torabi Merajin et al. (2014), low values of the coefficient of variation (0.77-22.59) showed
good reliability and precision of the experiment’s raw data.

3.2. statistical analysis

The ANOVA analytical results for all responses are shown in Table 6. As different responses were studied, various polynomial
models were used to fit the experimental data (responses). To evaluate the curvature effects, the experimental data (responses)
were fitted to a higher degree of polynomial equations (i.e., quadratic, modified quadratic, two-factor interaction (2FI), and
linear). In the Design Expert software, the experimental data (responses) were processed by default. Some experimental
data may not be fitted, and transformation, which uses a mathematical function to some response data, might be necessary
to meet the assumption that makes the ANOVA accurate. As errors (residuals) were a function of the response’s quantity and
to obtain the best data fitting, inverse square root and natural log transformations were required for the effluent alkalinity and
methane production responses, respectively. The transformation type was selected based on the lambda value suggested by
the Box-Cox plot. The chosen model terms are obtained after the elimination of insignificant variables and their interactions.
In this study, a confidence level of 95% was selected to analyze the experimental results. P-values and F-values obtained the
significance of each model. The P-values of <0.05 reveal that the model terms are statistically significant. The model modi-
fication was carried out by reducing insignificant terms with P>0.05 maintaining the hierarchy order.

Generally, the smaller the P-values and the larger the magnitude of F-values, the higher the significance of the correlating
model. In this study, the P-values of the models were 0.0007, 0.0005, <0.0001, <0.0001, <0.0001, <0.0001, 0.0045, <0.0001,
0.0007, and <0.0001 for COD removal (%), BOD removal (%), COD removal rate (g/L day), BOD removal rate (g/L day),
lignin removal (%), effluent pH, effluent alkalinity (mg/L), effluent VFA (mg/L), CH4 (%), and CH,4 production (L CH,/d),
respectively. According to the statistical results, all models were significant with low probability values ranging from 0.0045 to
<0.0001. It is observed that the models of independent variables were significant at 95% confidence level. The models’
-F-values were 15.7; 17.48; 183.81; 204.46; 34.84; 1,607.81; 9.13; 84.76; 15.56 and 62.49 for COD removal (%), BOD removal
(%), COD removal rate (g/L day), BOD removal rate (g/L day), lignin removal (%), effluent pH, effluent alkalinity (mg/L),
effluent VFA (mg/L), CH,4 (%), and CH,4 production (L CH,4/d), respectively. The model F-value of >4.5 implies that the
models are significant. The interaction term of AB was insignificant for the equations defining COD and BOD removal
rates (g/L day), effluent pH, effluent alkalinity (mg/L), and effluent VFA (mg/L). Detailed results of the response models
are shown in the following sections.
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Table 6 | ANOVA for response surface models
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ANOVA
Response Model type Transformation Source sSum of square DF Mean square F-value P>F
COD removal (%) Modified quadratic None Model 263.23 4 6581 15.7 0.0007
A 4.17 1 4.17 0.99 0.348
B 181.5 1 1815 43.29 0.0002
A? 24.01 1 2401 5.73 0.0437
B2 24.01 1 24.01 5.73 0.0437
BOD removal (%) Linear None Model 19.5 2 975 17.48 0.0005
A 135 1 135 24.21 0.0006
B 6 1 6 10.76 0.0083
COD removal rate (g/L day) Modified quadratic ~None Model 7.03 4 176 183.81 <0.0001
A 3.71 1 3.71 387.49 <0.0001
B 2.51 1 251 262.4 <0.0001
B? 0.25 1 025 26.51 0.0009
AB 0.56 1 0.56 58.83 <0.0001
BOD removal rate (g/L day) Modified quadratic = None Model 2.51 4 063 204.46 <0.0001
A 1.17 1 117 380.57  <0.0001
B 1.01 1 1.01 329.27 <0.0001
B2 0.13 1 0.13 43.51 0.0002
AB 0.2 1 02 64.51 <0.0001
Lignin removal (%) Modified quadratic ~ None Model 394.07 3  131.36 34.84 <0.0001
A 253.5 1 253.5 67.24 <0.0001
B 96 1 96 25.47 0.0007
B? 44.57 1 44.57 11.82 0.0074
Effluent pH Quaderatic None Model 0.3 5 0.059 1607.81 <0.0001
A 0.018 1 0.018 492.9 <0.0001
B 0.19 1 0.19 5279.36 <0.0001
A? 0.005 1 0.005 144.98 <0.0001
B? 0.022 1 0022 593.66  <0.0001
AB 0.042 1 0.042 1141.28 <0.0001
Effluent alkalinity (mg/L) Modified quadratic  Inverse square root Model 0.0009 4 0.000224 9.13 0.0045
A 0.0001 1 0.0001 3.91 0.0833
B 0.000076 1 0.000076 3.1 0.1162
B2 0.00053 1 0.00053 21.66 0.0016
AB 0.00019 1 0.00019 7.85 0.0231
Effluent VFA (mg/L) 2F1 None Model 953.33 3 317.78 84.76 <0.0001
A 400.17 1 400.17 106.73  <0.0001
B 504.17 1 504.17 13447  <0.0001
AB 49 1 49 13.07 0.0056
CH, content (%) Modified quadratic =~ None Model 1197.14 3 399.05 15.56 0.0007
A 240.67 1 240.67 9.38 0.0135
B 20.17 1 20.17 0.79 0.3983
B? 936.31 1 936.31 36.5 0.0002
CH, production (L CH,/d) Linear Natural log Model 11.36 2 568 62.49 <0.0001
A 3.87 1 3.87 42.64 <0.0001
B 7.48 1 7.48 82.34 <0.0001

A is the COD;, and B is the HRT.

3.3. Modeling the interaction between COD;, and HRT
3.3.1. COD, BOD, and lignin removal

Without data transformation, Table 6 shows that modified quadratic, linear, modified quadratic, quadratic, and modified
quadratic were the chosen models to explain the response surface of COD, BOD, and lignin removal efficiencies, and
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COD and BOD removal rates, respectively. The regression equations built with actual factors (COD;, and HRT) are shown in
the following equations:

COD removal (%) = 64.82 + 0.006 COD;, + 17.3 HRT — 1.3 x 10-°COD? — 2.95 HRT? )
BOD removal (%) = 91.88 + 0.003 COD;,, + HRT 3)
COD removal rate (g/L day) = 1.02 + 0.003 COD;, — 1.14 HRT + 0.28 HRT? — 0.00025 COD;, HRT 4)
BOD removal rate (g/L day) = 0.73 + 0.0006 COD;, — 0.85 HRT + 0.2 HRT?-0.00015 COD;, HRT (5)
Lignin removal (%) = 46 4+ 0.004 COD;, + 11 HRT — 3.71 HRT? (6)

The P-values obtained from the ANOVA in Table 6 for COD;, and HRT were 0.348 and 0.0002, respectively. These values
indicated that the individual effect of COD;, was non-significant, but the impact of the HRT was highly significant. This was
also supported by the fitted correlations from Equation (2), whereby a comparison between coefficients of COD;,, and HRT
(i.e., 0.006 and 17.3, respectively) indicates that a long HRT has higher favorite effects on COD removal efficiency than a
decrease in CODy,. However, Equation (2) shows a non-significant interaction between COD;, and HRT (AB). For BOD
removal, the individual P-values from the ANOVA analysis were 0.0006 and 0.0083 for COD;, and HRT, respectively.
These values indicated that the effects of both factors were significant. As shown in Equation (3), the relevant coefficients
of COD;, and HRT were 0.003 and 1, respectively, which reveals that an increase in COD;, and HRT have almost similar
effects on BOD removal efficiency. Equation (3) also shows that there is no interaction effect between COD;, and HRT
on BOD removal. This might be due to the change in BOD removal efficiency being in the range of 93-99%, whereby the
model cannot explain the 6% variation in BOD removal efficiency.

The P-values of <0.0001 for COD;, and HRT reveal significant individual effects on the COD and BOD removal rates.
From Equation (4), the coefficients of COD;, and HRT parameters in COD removal were 0.003 and —1.14, respectively.
Also, according to fitted correlations from Equation (5), the coefficients of COD;,, and HRT were 0.0006 and —0.85, respect-
ively. These indicate that an increase in CODj, has similar effects to a decrease in HRT. Nevertheless, their interactions (AB),
P-value (<0.0001), and coefficients of 0.00025 (Equation (4)) and 0.00015 (Equation (6)) confirmed the significant factorial
interaction between COD;, and HRT. From the ANOVA results in Table 6, the individual effects of COD;,, and HRT on lignin
removal were significant model terms evidenced by P-values of <0.0001 and 0.0007, respectively. Also, the coefficients of
0.004 and 11 (Equation (6)) for COD;, and HRT, respectively, indicated that the COD;, had a higher impact on lignin
removal than the HRT. However, Equation (6) articulates that the COD;, and HRT interaction is statistically non-significant.

3.3.2. Effluent pH, alkalinity, and VFA

The following three regression equations were acquired to model the factorial effects on effluent pH, alkalinity, and VFA.

Effluent pH = 5.3 4 0.00027 CODy, + 0.7 HRT — 2 x 1078 CODZ - 0.09 HRT? - 6.8 x 10~> COD;, HRT (7)
1 — =0.084 + 6.62 x 107° COD;, — 0.043 HRT + 0.013 HRT? — 4.6 x 10~® COD;, HRT (8)

\/Effluent alkalinity (mg/L)

Effluent VFA (mg/L) = 11.4 + 0.01 COD;, — 3.3 HRT-0.002 COD;, HRT 9)

A quadratic model was chosen to explain the response surface of pH level to changes in COD;, and HRT. The P-values
obtained from the ANOVA analysis in Table 6 were <0.0001 for both COD;, and HRT, indicating that the single effects
of COD;, and HRT were enormously significant. This was also supported by the coefficient of determination shown in
Equation (7). There was also a strong interaction between COD;, and HRT, which was also noticed by the corresponding
P-values (<0.0001) and a correlation coefficient of —6.8x10°.

Regarding the effluent alkalinity, data transformation of inverse square root and a modified quadratic model were needed
for fitting. From the fitted correlations in Table 6, it can be seen that COD;, and HRT were statistically insignificant. The coef-
ficients (Equation (8)) of both COD;, and HRT variables in effluent alkalinity correlation were —0.043 and 6.62x107°,
respectively. This means an opposite effect for COD;, and HRT. However, the interaction of COD;, and HRT was significant
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because the correlation coefficient is —4.6x107°. In addition, the relevant coefficient of P-value <0.0231 in the correlation of
effluent alkalinity confirms the significant interaction between COD;, and HRT. From the ANOVA results in Table 6, the
individual effects of COD;, and HRT on effluent VFA were significant with a P-value of <0.0001 for both variables. Further-
more, their interaction (AB) was also significant with a P-value of 0.0056. In magnitude viewpoint, the adjacent effects of
COD;, and HRT were presented by the relevant coefficients of 0.01 and —3.3, respectively. The coefficient of interaction
between them is —0.002, which expresses the minor significance of interactions of these two parameters.

3.3.3. Methane content and production

Methane content and production are a function of organic loading rate (OLR) conditions that vary by COD;, and HRT.
The ANOVA analysis of methane was carried out after transforming experimental data to the natural log function. The fol-
lowing regression model equations were attained to describe differences in methane content and production as a function of
the variables.

CH, (%) = 7.9 + 0.004 COD;, + 66.3 HRT — 17 HRT? (10)
Ln (CH4)(L CH4/d) = 2.23 + 0.0005 COD;, — 1.12 HRT (11)

As shown in Table 6, the modified quadratic model reveals that the COD;, has a significant effect (P-value=0.0135) on
methane content, while the impact of HRT was insignificant (P-value=0.3983). The interaction between COD;, and HRT
was found to have insignificant effects on the CH4 content. From Table 6, the impact of COD;, and HRT was significant
with a P-value of <0.0001. Nevertheless, the correlation coefficients (natural log) of 0.0005 and —1.12 for COD;, and
HRT (Equation (11)) showed slightly significant model terms. However, their interaction (COD;, and HRT) was statistically
non-significant.

3.4. Interaction effects of the COD;, and HRT on the HR-NABR responses

The interaction of COD;, concentrations and HRT on the HR-NABR performance responses was analyzed using the 3%FD.
Experimental results of the COD;, and HRT interaction on 10 responses of 13 designed experiments are shown in Table 4.

3.4.1. COD, BOD, and lignin removal

Figure 2(a) shows the concurrent effect of the COD;,, and HRT on the COD removal efficiency achieved from Equation (2). Ata
long HRT of 3 days, increasing the COD;,, from 1,000 to 4,000 mg/L has increased the COD removal efficiency from 93 to 96%.
Under a HRT of 1 day, the COD removal efficiency slightly decreased when the COD;,, was increased from 1,000 to 4,000 mg/L,
but this could be due to the effect of short HRT, not COD;, increment. At constant CODj,, of 4,000 mg/L, as the HRT was shor-
tened from 3 days to 1 day, the COD removal dropped from 96 to 83%. These results indicate that the HRT had more impacts on
the COD removal efficiency compared to the COD;,,. An increase in the COD removal efficiency is due to the efficient consump-
tion of available substrates by microorganisms. In contrast, a change in parametric conditions may result in temporary
microorganisms’ shock that requires some time for acclimation to the new loading condition to achieve stable performance
(Zwain et al. 2018). The effects of COD;, and HRT variables on the BOD removal efficiency are shown in Figure 2(b). The
BOD removal efficiency was stable at the range of 93-99% and slightly affected by any change in COD;, and HRTs. This
revealed that the HR-NABR performance was very stable in handling biodegradable substances.

According to standard B Malaysian Department of Environmental (Department of Environment (DOE) 2009), the dis-
charged RPMW should contain <250 mg/L of COD and 50 mg/L of BOD. In this study, the effluent COD concentration
did not exceed the limits and ranged from 64 tol175 mg/L, except for experiments with an OLR >2 g/L day that have
COD;,=4,000 mg/L and HRT=2 days, COD;,=2,500 mg/L. and HRT=1 day, and COD;,=4,000 mg/L and HRT=1 day,
whereas the COD effluent concentrations were 529, 412 and 690 mg/L, respectively. Nevertheless, an effluent BOD of
59 mg/L exceeded the limits at only the highest OLR of 4 g/L day (COD;,=4,000 mg/L and HRT=1 day) and was within
the limit range of 14-48 mg/L for the rest of the experiments. Figure 2(c) and (d) shows the effects of COD;, and HRT on
COD and BOD removal rates. Moreover, the removal rates of COD and BOD increased with an increase in the COD;,, con-
centration and a decrease in the HRT. At CODjy, of 4,000 mg/L and HRT of 1 day (OLR of 4 g/L day), about 3.265 and
1.875 g/L day were reached at a steady state for COD and BOD removal rates, respectively. The 3D surface plot curvatures
reveal that the effect of COD;,, was slightly less than a short HRT.
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Figure 2 | Response 3D surface plot for (a) COD removal efficiency (%), (b) BOD removal efficiency (%), (c) COD removal rate (g/L day), (d) BOD
removal rate (g/L day), and (e) lignin removal efficiency (%).

Figure 2(e) illustrates the change of the lignin removal efficiency as a response to the two factors investigated. Increasing
the COD;, from 1,000 to 4,000 mg/L at any constant HRT has improved the lignin removal efficiency. Likewise, the lignin
removal efficiency increased, at any COD;,, when the HRT was further shortened from 3 to 2 days. This means that COD;,
positively impacted the lignin removal, while HRT has a favorite effect at a long HRT of 3 and 2 days only. At the HRT of 2
days, the highest lignin removal was achieved due to balanced lignin feed and microbial community development. In this
multimicrobial community HR-NABR system (Zwain et al. 2017), the AD of organic compounds is accompanied by the
slow degradation of lignin. However, the lignin removal decreased when the HRT shortened further to 1 day, and the
COD;y, increased to 4,000 mg/L. In general, RPMW contains complex lignocellulosic substances, where its lignin content
degradation is slow under a high rate of AD. At a short retention time, native lignin is reluctant to enzymatic attacks by
anaerobic microorganisms; however, lignin degradation compounds can be slowly degraded in complex microbial commu-

nities (Khan & Ahring 2019).
3.4.2. Effluent pH, alkalinity, and VFA

In the case of effluent pH, alkalinity, and VFA, a strong correlation was observed between the responses, not only with the
parametric variation. Figure 3(a) shows the effects of the COD;,, and HRT on effluent pH; as the variable increased, two oppo-
site impacts of the CODj;,, and HRT on effluent pH were observed. At a long HRT of 3 and 2 days, a change in CODy,, slightly
affected the effluent pH level and remained >6.5. In contrast, the HRT had a reverse effect on the effluent pH; the lowest
effluent pH of 6 was observed when the HRT shortened to 1 day but slowly recovered when the CODj, increased from
CODy, 1,000 to 4,000 mg/L. The pH level is the critical factor during the continuous operation of an anaerobic digester.
In an anaerobic system, the optimum pH condition for anaerobic microbial activity is neutral pH. Reduction in the pH

level is due to the fermentation of organics to organic acids by acidogenesis. A stable pH level >6.5 is due to the efficient
consumption of VFAs (Zwain ef al. 2019b).
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The effect of COD;, and HRT on effluent alkalinity is presented in Figure 3(b), and Table 4 shows that different values were
obtained when variables changed. At a long HRT of 3 days, an increase in the CODj, had a favorable effect on effluent alka-
linity. Likewise, shortening the HRT to 2 days significantly improved the effluent alkalinity. A higher HRT resulted in
additional buffering that increased the metabolic activity in the system, leading to the efficient conversion of organic acids
by methanogenesis (Zwain ef al. 2018). Conversely, a reverse impact on effluent alkalinity was obtained at a shorter HRT
of 1 day and when the CODj, increased from 1,000 to 4,000 mg/L at HRT of 2 days and 1 day, respectively. This could be
due to the faster production of organic acids and their slow conversion to methane (Vuitik ef al. 2019). These results indicated
that both HRT and CODj, have a strong influence on alkalinity production. However, the overall effluent alkalinity proved
the balance between acidogenic and methanogenic processes.

Moreover, the simultaneous effects of COD;,, and HRT on effluent VFA are shown in Figure 3(c). With CODy, increasing
from 1,000 to 4,000 mg/L, the effluent VFA production also increased at all HRTs, indicating a positive correlation of the
COD;, on effluent VFA. This might be due to the high activity of fast-growing acidogenesis compared to methanogenesis.
In addition, the concentration of effluent VFA was slightly lower at a HRT of 3 days; it was roughly increased at shorter
HRT conditions, revealing that HRT had affected the effluent VFA positively. Low-effluent VFA concentration at a longer
HRT can be caused by the low OLR and balanced acidogenesis and methanogenesis. Also, a short HRT supported the
accumulation of intermediary products (VFA) (Leitdo et al. 2006). Specifically, the three responses were strongly correlated,
whereas an increase in the VFA effluent concentration was associated with a lower effluent alkalinity and pH. Nevertheless,
the accumulation of VFA at a low HRT also resulted in low COD removal (83%), as shown earlier in Figure 2(a). Also, high
alkalinity production was correlated with the high production of biogas in the system. When the OLR increases, fast-growing

hydrolytic and acidogenic microorganisms ferment organic substrates to organic acids, leading to VFA accumulation and pH
reduction (Roshanida et al. 2018).

3.4.3. Methane content and production

Figure 4(a) shows the effect of COD;,, and HRT on methane content. By increasing the CODj,, from 1,000 to 4,000 mg/L, the
methane content increased at all HRTs. This proves the favorite effect of COD;, on methane content. Regarding the HRT
variable, two opposite trends for methane content were obtained at different HRTs. At constant CODj,,, the methane content
was increased when the HRT was shortened from 3 to 2 days, and then methane content decreased as an opposite trend when
the HRT was further reduced to 1 day. A gradual increment in the OLR may enhance the system’s activity by allowing a suffi-
cient substrate for microorganisms to digest, new biomass generation, and methane production. In contrast, a high HRT will
increase the substrate available for fast-growing acid-producing bacteria that inhabit methanogenesis (Hassan et al. 2014).
Figure 4(b) illustrates the simultaneous effects of COD;, and HRT on methane production. The methane production
responded differently to the two variables. At a long HRT of 3 days, the methane production increased from 0.082 to
0.237 L CH4/g COD when the CODy, was increased from 1,000 to 4,000 mg/L. A major increase in methane production
was noticed when the HRT was decreased from 3 to 2 days at the COD;, of 1,000 mg/L. The high methane production is
due to active methanogenesis’s optimum development that efficiently converted VFAs to methane (Zwain ef al. 2017).
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Figure 4 | Response 3D surface plots for methane: (a) content (%) and (b) production (L CH,/d).

At the HRT of 2 days, when the COD;, was increased from 1,000 to 4,000 mg/L, the methane production decreased from
0.259 to 0.173 L CH4/g COD. At the HRT of 1 day, the methane production slightly increased from 0.168 to 0.179 L
CH,/g COD when the COD;, was increased from 1,000 to 4,000 mg/L. The reduction in methane production at a short
HRT might be due to inhibition of slow-growing methanogenic bacteria by excessive generation of VFA (Zwain et al. 2018).

These results indicate positive and reverse impacts for the COD;,, and HRT at different conditions, and no specific trend
was observed. The methane production might be better understood if it is explained in the OLR instead of HRT and
CODj,. Furthermore, the CH4 content and production fluctuated throughout the experimental runs, immediately dropped
after each change in the COD;, and HRT, and gradually increased to its stable value at the end of each experiment. Regarding
the interaction of methane production with other responses, slow-growing methanogenic bacteria require some time and
system buffering capacity by alkalinity to consume high VFA accumulation and stabilize the system. This finding was also
associated with an increase in alkalinity in the reactor. This signifies the high biodegradability of RPMW in the HR-
NABR. Thus, methane production from anaerobic reactors depends on pH, alkalinity, and VFA stability (Chen et al. 2020).

3.5. Performance optimization

The goal responses of maximum COD, BOD, and lignin removal efficiencies, high methane production, and low-effluent VFA
were numerically analyzed using the RSM to define the optimal operational parameters of the HR-NABR. The optimum HR-
NABR performance conditions could be associated with better effluent quality and sufficient balance between acidogenesis
and methanogenesis indicated by high organics and lignin removal, high methane production, and low VFA discharge. With
desirability up to 0.68 obtained by the Design Expert Software, the optimum condition for the HR-NABR in treating RPMW
was obtained at the HRT of 2 days and COD;, of 4,000 mg/L. At the optimum condition, removal efficiencies of 91, 98, and
70% were obtained for COD, BOD, and lignin, respectively, whereas 26 mg/L of VFA and 8 L CHy4/d (corresponding to
0.125 LCH4/g COD,emovea) Were produced.

The optimum conditions were close to the highest removal efficiencies of 96% for COD, 99% for BOD at a CODj;, of
4,000 mg/L, and HRT of 3 days. At the same time, up to 71% of lignin removal was achieved at a COD;, of 4,000 mg/L
and HRT of 2 days. Also, the highest effluent alkalinity of 785 mg CaCQO3/L was attained at a CODj;, of 1,000 mg/L and
HRT of 2 days (corresponding to an OLR of 0.5g COD/L day). Furthermore, the highest methane production of 20.8 L
CH,/d (corresponding to 0.259 L. CH4/g COD) was produced at a COD;,, of 1,000 and HRT of 2 days, while methane content
of 85% was attained at a CODj, of 2,500 mg/L and HRT of 2 days. It is believed that, at the optimum condition of HRT of 2
days and COD;, of 4,000 mg/L, there was a partial separation between acidogenesis and methanogenesis, where the available
substrate fermented to organic acid, and VFAs efficiently converted to methane. Before this point, there was no sufficient
substrate to generate active microorganisms. Beyond that point, further substrate may cause an organic shock and inhibit
the balance between acidogenesis and methanogenesis.
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Table 7 | Comparison of RPMW treatment system performances reported by various studies in Malaysia

Treatment system Influent wastewater Feeding COD (mg/L) HRT (day(s)) coD removal (%) Reference

HR-NABR RPM® 4,000 2 96 This study

MABR? RPM 1,000-4,000 3 98 Dabhlan et al. (2020)
AG-SBR® DAF effluent from RPM 800-1,300 1 93-95 Muhamad et al. (2015)
SG-SBR® 92

GAC-SBBR! DAF effluent from RPM 700-1,000 1 97 Muhamad et al. (2013)
GAC-SBBR¢ Bleached effluent from RPM <250 1-1.5 50-80 Mohamad et al. (2008)

@Modified ABR.

bAttached growth sequencing batch reactors.

°Suspended growth sequencing batch reactors.

dGranular activated carbon sequencing batch biofilm reactor.
®Recycled paper mill.

‘Dissolved air flotation.

Table 7 compares the HR-NABR performance with other treatment systems treating RPMW in Malaysia (Mohamad et al.
2008; Muhamad et al. 2013; Muhamad et al. 2015; Dahlan ef al. 2020). Owing to insufficient data for CH4 production rate
and lignin removal, the treatment system’s performance was compared in terms of COD removal only. This study noticed that
the HR-NABR has the highest COD removal efficiency among all the treatment systems with relatively high methane gener-
ation of 8 L CH,4/d (corresponding to 0.125 LCH4/g CODycmoved) Was predicted at optimized conditions. Meyer & Edwards
(2014) reviewed that for influent COD of 600-1,500 mg/L, anaerobic treatment of RPMW typically resulted in 58-86% COD
removal, whereas methane generation could only be achieved at 0.24-0.4 L/g COD removed. In this study, as a comparison,
the HR-NABR presented satisfactory COD removal efficiency for a wide range of RPMW feeding COD at a high HRT.

4. CONCLUSION

Operational parameters are the main factors influencing the performance of bioreactors. Interaction between these oper-
ational parameters is essential for optimizing the RPMW treatment process. In this study, the RSM proved to be a
powerful tool for modeling and optimizing the performance of the HR-NABR treating RPMW. The models for all variables
were significant with P-values of <0.0007. The interaction between COD;, and HRT was only significant for COD and BOD
removal rates (g/L day), effluent pH, effluent alkalinity (mg/L), and effluent VFA (mg/L). Besides, the optimal conditions
were established at 4,000 mg/L COD and HRT of 2 days, corresponding to predicted COD, BOD, and lignin removal efficien-
cies of 91, 98, and 71%, respectively, and VFA effluent concentration of 26 mg/L and 0.125 L. CH4/g COD,¢moved methane
yield.
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