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Abstract

:

In this study, a low-cost, efficient, and environmentally friendly anaerobic sludge process for the treatment of industrial beverage wastewater was investigated to analyze the effect of bacteria growth on the degradation of organic matter (chemical oxygen demand). Additionally, the mechanism, interactions between the microbe’s growth, and operating conditions of an anaerobic batch reactor along with the wastewater treatment efficiency were evaluated via microbial kinetics. The kinetic coefficients based on chemical oxygen demand (COD) by conventional techniques such as kinetic coefficients growth yield (0.46 mg VSS/mg COD), saturation coefficient (3500 mg/L COD), the maximum rate of substrate utilization per unit mass of biomass (0.0066 mg/L COD), growth rate by Monod equation, M (0.03833 L/h), and maximum growth rate, μm (0.03672 L/h) were calculated. The results show a higher rate of substrate degradation (0.54 day−1) due to the high COD removal efficiency (CRE) of 99.31% during 13 days that was achieved, which can be attributed to the active involvement of anaerobic microbes in the process of degradation. Based on these results, it can be concluded that the current study can be used as an effective way to analyze the industrial beverage wastewater at commercial levels.
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1. Introduction


Accessibility of freshwater resources is one of the serious and life-threatening issues facing our current society. In the current scenario, about one-third of the world population is striving for a freshwater supply, which ultimately affects the ecosystem’s sustainability. Pakistan was once a supererogatory water country; now, it has become a water shortfall country due to several unavoidable reasons, including the improper management of natural water resources. The accessibility of water was 1299 m3 per capita recorded in 1997, and now reduced to 1100 m3 per capita (less than 700 m3 per capita is expected in 2025) [1]. One of the significant reasons for the limited freshwater supply in Pakistan is the waste effluents that ultimately pollute freshwater resources due to poor sanitation and waste management issues. In Pakistan, most of the municipal and industrial effluent is released directly into a sewerage system, drinking water streams, nearby farming fields, or open tanks that result in secondary pollution to the freshwater supply. As industrial wastewater is the source of water pollution (heavy metals, organic compounds, and toxic chemicals), improper disposal of untreated industrial effluent may pose life-threatening issues to human and aquatic life [2]. The growing industries of Pakistan, including iron, petrochemical, pulp and paper, vegetable oil, food manufacturing, pharmaceutical, and others, discharge several types of environmental pollutants such as suspended solids (SS), dissolved organics (DO), organic compounds, toxic gases, and many types of bacteria and viruses which may pollute clean water lines. The resulting water pollution from the contaminants mentioned above can ultimately cause different diseases, including stomach ulcers, acute gastroenteritis, diarrhea, and other severe health impacts upon long-term exposure [3,4]. Among various industrial units, food industry wastewater has the highest organic components and nutrient content, resulting in a high chemical oxygen demand (COD) that may reach thousands of milligrams per liter and may act as an enriched food colony for various life-threatening microbes [5,6]. According to a report published by China’s National Bureau of Statistics, the wastewater discharged from the food processing industry produces approximately 19% of the total industrial waste that can ultimately pose severe environmental concerns in the case of improper waste management [5].



Considering the environmental consequences of wastewater pollution originating from the food and beverage industry, there is a dire need for effective methods to treat industrial wastewater before its discharge into the surrounding environment. For proper control of such pollution, several treatment options can be effectively employed, such as adsorption [7], ion exchange [8], and membrane separation [7,9]. However, these techniques have some limitations, such as high cost, complex plant setup, and secondary pollution [10]. Among them, anaerobic sludge is considered one of the most suitable techniques to treat wastewater due to its better economic performance and the elimination of secondary pollution problems [11].



In this technique, organic solids or soluble organics presenting in wastewater are typically converted into gaseous end products through the process of degradation [12]. In this treatment method, a bacterial biomass (the anaerobic sludge) is generally responsible for reducing wastewater pollutants. Depending on the optimal design and specific operating conditions, the anaerobic-sludge-based wastewater treatment process removes organic substances and can effectively achieve biological nitrogen and biological phosphorous removal. Much research has been done to improve and propose optimal anaerobic sludge process configurations during recent years [13,14]. However, further optimization and deep investigation of kinetic parameters are still limited for industrial wastewater, especially for beverage effluent.



In this research, a detailed study for beverage wastewater treatment was carried out to check the effect of microbes on the degradation of organic matter using a batch anaerobic sludge system, and the effects of microbial growth on solids retention time (SRT) were especially emphasized. Further, to understand the removal mechanisms of micropollutants from industrial beverage wastewater, the concentrations of related substances, including COD, were also measured from time to time. So far, limited studies have been reported on Gram staining tests for microbial identification in the beverage wastewater effluents, and thus it can be extended to various beverage-based industries to analyze the quality of waste effluent from the prospective production plant. The objectives of the study lie in the following steps. Firstly, the microbiology of industrial beverage effluent using the Gram staining test was performed to analyze the classifications of bacteria present in the wastewater. Secondly, the kinetics were reported by estimating the microbial growth rate, characterization of industrial beverage effluent, degradation of organic matter, and solid retention time of the beverage wastewater treatment.



Overall, this study demonstrated that the reactor was efficient in treating industrial beverage wastewater at a pilot-scale level. It was designed for 10 L of high-strength septic effluent consisting of a reactor with a height of 50 cm and a diameter of 15 cm. To better understand the process and further improve its efficiency, kinetic parameters were studied in detail. The kinetic parameters have been calculated through experimental studies on pilot-scale batch reactor using powdered activated carbon (PAC) for the pre-treatment of wastewater and an anaerobic sludge system technique. The results indicate that this method has the advantage of feasibility at a pilot-scale level to treat beverage industry wastewater at a very high degradation efficiency without additional risk of secondary pollutants, and will pave the way for wastewater treatment methodologies at large scales.




2. Material and Methods


2.1. Sample Preparation


Industrial effluent, specifically mango juice effluent, was taken from the private beverage industry named Rifson foods with product code (20097900), located at Multan, Punjab, Pakistan. After collecting the wastewater effluent sample, it was homogenized for 30 s in the centrifuge device. The homogenized sample was taken into the 250 mL beaker for more accuracy and reproducibility, and gently stirred with a magnetic stirring plate. The total viable count was performed using the spread plate technique on three different agars, nutrient agar (NA), eosin methylene blue (EMB) agar, and MacConkey agar. The selection of media generally depended on which microbe was being selected, because different microorganisms require different environments and growth conditions (e.g., nutrients, pH, and temperature) for their growth. In the above-mentioned agars, NA was composed of beef extract 3 g, NaCl 8 g, peptone 5 g, agar 15 g, and water as required to make it 1 L. To 100 mL of deionized water, 5.6 g of nutrient agar was added with water mixture and further heated at 100 °C. For EMB agar, 3.6 g of EMB agar was added to 100 mL of deionized water to prepare 100 mL of solution and mixed well with the help of an electronic stirrer. Similarly, for the preparation of 100 mL MacConkey agar, 5 g of MacConkey agar was added to 100 mL of deionized water and further heated to get a homogenized solution. All the agars were autoclaved for 15 min at 15 psi to sterilize culture media. Almost 100 mL of the mixture was poured into petri dishes, and for solidification, the petri dishes were placed in the laminar flow cabinet to maintain the anaerobic conditions and then placed in the incubator at a temperature of 37 °C for 24 h, as shown in Figure 1.



The effluent dilution was prepared by adding 1 mL of sample into 9 mL of distilled water for 1st dilution. Then 1 mL of 1st dilution was taken and mixed with 9 mL of distilled water for 2nd dilution. Similarly, the same method was adopted to prepare the 3rd, 4th, 5th, and 6th dilutions which can be viewed in Supporting Material Figure S1. Then, for the growth of microbes, 1 mL of each dilution prepared was spread evenly over the incubated agar samples on petri dishes using the inoculum method. Afterwards, the petri dishes were placed in the laminar flow cabinet to maintain the anaerobic conditions and then placed in the incubator at 37 °C for 24–48 h.




2.2. Experimental Design


An anaerobic batch reactor having dimensions of length 50 cm, diameter 15 cm and a capacity of 10 L was used in the experiment, as shown in Figure 2. An anaerobic sludge process was carried out in the batch reactor. Three steps were involved in the process: in the first step, 5 L of beverage industrial wastewater effluent was added to a single batch reactor; in the second step, 3 mg/L of activated carbon powder (200 mesh, Ash 6% (max)) was added to remove odor and pollutants by mixing it for 3 h.



During the settling process, the 100 mL of sample was collected at the specific time interval of 2 days till the total HRT (hydraulic retention time) of 13 days was reached. The collected 7 samples were then analyzed using the American Society for Testing and Material (ASTM) standard to generate data for substrate removal parameters. In the third step, the flocs were allowed to settle down in the absence of air (anaerobic condition), and then were discharged from the batch reactor. At the same time, the top layer of the wastewater was removed separately. The anaerobic conditions were maintained within the reactor by tightly closing the reactor inlet. In the settling phase, anaerobic sludge was allowed to settle down over 13 days.




2.3. Characterization of Beverage Industry Wastewater


The characterization of wastewater was performed using different water-based pollution indicators. In this study, the degree of wastewater pollution was expressed according to the mean values of pollution indicators: chemical oxygen demand (COD), as shown in Supporting Material Figure S2, pH, and volatile suspended solids (VSS). The values of these parameters were calculated by the American Society for Testing and Material (ASTM).




2.4. Gram Staining & Catalase Test


In the Gram staining test, firstly, the smear was rinsed with the methyl violet for one minute and then further heated to achieve the stain. The slide was gently rinsed and saturated with iodine for 1 min, and then rinsed with water and further decolorized with a Gram decolorizer, i.e., acetone and alcohol for 30 s. A drop of counterstain safranin was added for 1 min and then rinsed with water. The slide was dried with bibulous paper and observed through a microscope to analyze the Gram-positive or -negative test. Simultaneously, a catalase test was carried out to identify the presence of aerobic and anaerobic microbes. For this, 2–3 mL of H2O2 solution was added to the test tube to analyze the catalase colonies. In this analysis, the active bubbling behavior was analyzed.




2.5. Kinetic Modeling


Kinetic modeling was used to determine the interaction between microbes’ growth and their surrounding environment (anaerobic condition). Moreover, it was used for calculating the degradation caused by microbes under constant temperature conditions. The numerical values of kinetic parameters can be used for the analysis, optimization, design, and operation of biological processes at the laboratory and large-scale conditions [15]. Therefore, this method was used for a better understanding of microbial kinetics performed in this study.



2.5.1. Microbial Growth Kinetics


The emergence of microbial or biological kinetic theory, proper design, and the operation of anaerobic sludge processes were calculated by using kinetic parameters such as growth yield, the maximum rate of substrate utilization per unit mass of biomass (k), saturation coefficient (Ks), and microbial decay coefficient (Kd). These equations represent biological (sludge) growth and substrate utilization rates in biological kinetic coefficients, food-to-biomass ratio, and the mean cell residence time. Typically, the bio-kinetic theory allows the prediction of soluble effluent substrate concentration (BOD: biological oxygen demand, COD: chemical oxygen demand, TOC: total organic carbon), mixed liquor suspended solids concentration (MLSS), nutrient requirements (nitrogen and phosphorus), oxygen requirements, and daily sludge production [16]. Thus, it can be deduced that the model’s success depends on the bio-kinetic coefficients used in the prospective modeling. The values of kinetic coefficients growth yield (Y), the maximum rate of substrate utilization per unit mass of biomass (k), saturation coefficient (Ks), and microbial decay coefficient (Kd) significantly influence the design of the anaerobic sludge process. These values are highly dependent upon the characteristics of the industrial wastes containing wastewater. Numerous investigators have enhanced the treatment efficiency by developing microbial kinetics and substrate utilization equations [17]. Microbial stoichiometry and kinetics were used to solve problems related to input, output, substrate, and growth [18], etc.



The microbial kinetics used in this study were as follows:


  N t =  N 0   2 n   



(1)







The initial number of cells = N0



After time t, number of cells = Nt



Every measurement should be done in the lag phase.


   X t  =  X 0   2 n   



(2)







Initial biomass concentration = X0



After time t, biomass concentration = Xt



Number of divisions = n


  l o g  X t  = l o g  X 0  +   n l o g 2  



(3)






  n =   l o g X t − l o g X o   l o g 2    



(4)






  n = 3.32   l o g  (     X t     X 0     )   



(5)







The colony-forming unit decreased with the increase in the number of dilutions. The growth rate (µ) was calculated by the following calculations [19,20].


Rate of multiplication of cells = µ × number of cells produced



(6)






  L    o g 10   C F U t   -   l o g 10   C F U 0   =   μ   m     ( t   -   t   °  )  



(7)






         L o g 10   C F U t   -   l o g 10   C F U 0                 ( t   -     t 0  )   = μ m  



(8)




where colony-forming unit (CFU), time t, and specific growth rate μ represent the population density or cell concentration, while regression resulted in an exponential slope as the growth rate (h−1).



The CFU was calculated by the formula:


  C F U / m l   =      No   .   of   colonies   x   dilution   factor       Volume   of   a   culture   plate     



(9)








2.5.2. Degradation of Organic Matter and Kinetic Analysis


To investigate the degradation efficiency of organic matter, industrial wastewater was mixed with activated carbon and allowed to settle for a certain period. The industrial waste contained both aerobic and anaerobic bacteria, or facultative anaerobes from which only anaerobic bacteria grew by utilizing a COD as a substrate. Then, the specific growth rate value was calculated from the COD concentration using a graph plotting COD concentration (on Y-axis) against time (on X-axis) [21].


  μ =   l n N 2   N 1   /  (  T 2 − T 1  )   



(10)




where:



N1 = COD at point 1 at time T1



N2 = COD at point 2 at time T2



T1 = initial time of degradation



T2 = final time of degradation




2.5.3. Solid Retention Time SRT


The relationship between specific growth rate (μ) and maximum growth rate (μmax) relates to the Michaelis–Menten equation as follows [22].


  Solid   Retention   Time   =   S R T =     V   x   X    X W  +  X e     



(11)







XW = suspended sludge concentration



Xe = effluent concentration



K = slope = 0.0066 mg/L COD


  V =   V _ m a x . S    K s  + S    



(12)







By rearranging the equation for microorganisms, the Monod growth equation is expressed as:


  Specific   Growth   Rate   =   μ =   μ _ m a x . S    K s  + S        



(13)




where:



Ks = half-saturation constant, mass volume−1 (mg/L)



S = mass of soluble substrate removed



μmax = maximum specific growth rate of the organism



S at which μ = ½ = μmax



Microbial growth rate can be expressed by the following formula [23]:


    d X   d t   =  Y t  ⋅   d s   d t   −  k d  X  



(14)




where:



X = mixed liquor volatile suspended solids (MLVSS)



(dX/dt) = net rate of change in biomass



S = mass of soluble substrate removed



Yt = true cell yield coefficient



Kd = cell decay coefficient



The observed cell yield in the complete system decreases as the sludge age increases.



Cell yield in systems can also be expressed as:


                      d X   d t   = Y ⋅   d s   d t    



(15)




where:



Y = observed cell yield coefficient



(dX/dt) = net rate of change in biomass



The growth in the secondary system is directly proportional to the mass of cells present on agar; the rate must be taken as growth rate per unit mass.


      d X   d t    X  = μ  



(16)







The stringent environmental regulation on industrial effluents leads to an increase in the trend toward reducing the COD of industrial effluent before disposal. The sample was collected after 2 days from the reactor as shown in Figure S3 and examined for COD. COD was examined by the method given by ASTM, furthermore to measure the COD removal efficiency of the effluent. The COD removal efficiency is calculated by the following formula:


  COD   removal   Efficiency   CRE   =     C O  D  i n i t i a l   −   C O  D  f i n a l       C O  D  i n i t i a l         ×   100  



(17)










3. Result and Discussion


3.1. Microbiology of Beverage Industrial Effluent Using Gram Staining and Catalase Test


The Gram staining test of the industrial beverage effluent identified the presence of two types of bacteria. These are identified as Gram-positive and Gram-negative bacteria as shown in Table 1.



In the Gram-negative test, effluent indicated the light red color as shown in Figure S4, due to the presence of Gram-negative bacteria in the sample. In the catalase test, negative results were obtained, which indicated the presence of anaerobic bacteria or facultative anaerobes which are microbes capable of growing in the absence of oxygen in the fermentation process [22]. The most commonly reported bacterial genera include Acetobacter, Alicyclobacillus, Bacillus, Gluconobacter, Lacto-bacillus, Leuconostoc, Zymomonas, and Zymobacter. Among yeasts, Pichia, Candida, Saccharomyces, and Rhodotorula are commonly encountered genera responsible for the spoilage of juices [19]. Certain common molds such as Penicillium sp., Aspergillus sp., Eurotium, Alternaria, Cladosporium, Paecilomyces, and Botrytis have also been reported in the spoilage of fruit juices [19]. The results of the Gram staining test show the presence of Gram-positive bacteria such as lactic acid bacteria (LAB), Acetobacter (anaerobic Gram-positive bacteria), Streptococcus, Staphylococcus, Gluconobacter, and Bacillus bacteria in the industrial beverage effluent, whereas the Campylobacter coli (C. coli), Escherischia coli (E. coli), Salmonella, Shigella, and Vibrio were identified as Gram-negative bacteria in the industrial beverage effluent.



The colony-forming unit (CFU) is the technique used for calculating the number of bacteria grown on a culture solution [19], and the colonies of microorganisms can be counted by the appearance of the colony on an agar medium. According to the density of the effluent, different multiple dilutions were prepared, which varied in order, and these dilutions were used to obtain 10 to 300 colonies of microbes per plate, and at least six plates per culture were used. Onto each plate, 1 mL of dilute effluent was poured. The plates were cultured overnight in an incubator at 37 °C (for 24–48 h). In Figure 3 and Figure 4 each plate shows a different growth ratio because of different dilutions. The first two petri dishes showed uncountable bacterial growth on the different agars because the concentration of the solution was very high. Moreover, Table 2 shows the number of colonies formed on nutrient agar, EMB agar, and MacConkey agar against different dilutions, in which the first column is about the dilutions made of the effluent.



The first two dilution results cannot be calculated, because for these dilutions, the growth of microbes on media was not possible to count. Therefore, it started from the 3rd dilution and continued to the 6th dilution for each agar. The second column shows the colony growth on EMB agar, which decreased with the increase in dilution. The third column shows the growth of nutrient agar, and similarly, the next column shows the growth of MacConkey agar. In the first two dilutions (1st and 2nd) colonies were uncountable due to the bulkiness of the sample and the formation of patches on the agars as shown in Figure 3, whereas Figure 4 shows the amount of colony growth on different agars, such as EMB, MacConkey, and nutrient agars.



Figure 5 shows the graph plotting dilutions (3rd, 4th, 5th, and 6th) in ml against subsequent colony-forming units on three different agars, EMB, NA, and MacConkey. Figure 5 shows that with an increase in dilutions, ranging from 3rd to 6th, the value of CFU decreased, which was due to the growth of the microbe on the EMB agar. From this trend, it was observed that the microbe growth slightly decreased from 3rd to 4th dilutions, while a sharp decrease was observed from 4th to 5th dilutions, and then from 5th to 6th again decreased slightly. Similarly, the nutrient agar trend showed the growth of microbes, which showed a decrease in CFU with the increase in dilution from 3rd to 6th, whereas the growth on the MacConkey agar showed a gradual decrease from 3rd to 5th dilution; however, in the 5th to 6th dilutions a sudden decrease was observed, which was due to the microbes’ steady growth. From the above discussion, it was concluded that the identification of microbes by the growth of the colonies on different agars was possible. Thus, from the above discussion, agar media affected the growth of microbes, and their concentration affected the growth of microbes.




3.2. Kinetic Modeling


3.2.1. Microbial Growth Rate


The microbial growth was analyzed in terms of colony-forming units on different agars such as EMB, NA, and MacConkey. It was observed that colony-forming units decreased with the increase in the number of dilutions from 103 to 106, as shown in Table 3. It was seen that about 10 to 300 colonies per petri dish were grown when removed from the incubator. Moreover, it can be seen in Table 3 that the value of CFU decreased with an increase in the dilutions, which was due to the reduction in the growth of microbes.



Figure 6 shows the graph between time (h) vs Log10 (CFU) of microbial growth on all three agars, i.e., EMB, nutrient, and MacConkey. The growth rate of microbes was calculated from the slope of Figure 6 (graph of time against log10 (CFU)). The growth rate (μm) was calculated as 0.03833 h−1, which was further used for the calculation of the specific growth rate (μ) using the Monod equation. In Figure 6 the graph shows the colony growth rate in terms of log10 (CFU) on EMB, MacConkey, and nutrient agars. Figure 6 shows that the minimum colony growth was on the MacConkey agar, and the colony growth on the EMB media was higher compared to the nutrient agar. The calculations of colony growth showed the highest growth of colonies on the EMB agar, as shown in Table 2 and Table 3.



The coefficient of determination (R2) values for the microbial growth which were measured on EMB, nutrient, and MacConkey agars were 0.9976, 0.97884, and 0.99637, respectively, as shown in Figure 6. The model with the best fit was selected on the basis of highest correlation coefficient (R2). The kinetic parameters of the models were estimated using the linear regression routine of origin 9.0, and the results along with the R2 are given in Table 3. The results revealed that the Monod equation had a correlation coefficient (R2) greater than 0.90, thus showing a good fit to the batch experimental data.




3.2.2. Characterization of Beverage Industry Wastewater


The result of the characterization of wastewater performed using different water-based pollution indicators is reported in Table 4. The characteristics of industrial beverage wastewater were high in organic load with chemical oxygen demand (COD) values in the range of 7000 to 130,000 mg/L. As a consequence, untreated beverage industrial wastewater disposal into water bodies can adversely affect the aquatic ecosystem. The following parameters were used to find the composition of industrial beverage wastewater chemically and physically. The degree of wastewater pollution was expressed according to mean values of pollution indicators: COD, BOD, total suspended solids, pH, and volatile suspended solids.




3.2.3. Degradation of Organic Matter and Kinetic Analysis


Figure 7 shows the graph of the substrate intake (day−1) against COD removal (mg/L) in an anaerobic batch process. It shows that the removal of COD increased with the increase in substrate utilization with time, which was due to the growth of microbes within the process as shown in Figure 7. The maximum substrate utilization of 0.54 day−1 and a coefficient of determination (R2) of 0.9947, as shown in Figure 7, were observed. Thus, substrate concentration and microorganism growth were directly interrelated. The graph shows that the COD was calculated as 80,000 mg/L, which gradually decreased to 550 mg/l with the passage of HRT of 13 days (Table 5).




3.2.4. Solids Retention Time (SRT)


Table 5 represents the SRT of the wastewater calculated. The SRT values show the solid retention time taken by the wastewater in the batch reactor. It was observed that the SRT values increased with the decrease in COD values, which was due to the fact that the contact time between the bacteria and substrate decreased with time.



Furthermore, the efficiency of the process was calculated, which showed that efficiency also increased with the decrease in COD removal, and an overall efficiency of 99.31 % was observed, as shown in Figure 8.



Figure 9 shows the COD removal (mg/L) and SRT (day), for a time interval of 1 to 13 days. It shows that COD removal decreased from 80,000 mg/L to 550 mg/L as the SRT increased from 2.5 to 4.965 days, with a coefficient of determination R2 =0.9933. The decrease in COD removal was due to decrease in the contact time between the bacteria and substrate. Overall, the calculated HRT was 13 days, while a calculated SRT of 26 days was observed, as shown in Figure 9. To evaluate the kinetic parameters of beverage wastewater (Table 6), firstly, the substrate constant was calculated by plotting COD removal (mg/L) against time (days), and a slope of COD removal/time was obtained, as shown in Figure S5, from which Ks was estimated as 3500 mg/L. The growth rate of microbes was calculated from the slope of Figure 6 (graph of time against log10 (CFU)), and the grow rate (μm) was calculated as 0.03833 h−1, which was further used for the calculation of the specific growth rate (μ) using the Monod equation. The μ value increased with increasing glucose concentration, to its maximum, and then decreased with further increasing glucose concentration. After obtaining these constants, the specific growth rate, which is also termed as the Monod equation, was estimated, represented by M, calculated by Equation (13). Moreover, the process yield represented by Y was estimated to be 0.46 mg VSS/mg COD. As microorganism growth can be inhibited by substrate, extended Monod kinetics which incorporate the inhibition constant (K) were therefore chosen for evaluating the microbial growth and substrate utilization kinetics in this study.



To further understand the efficiency of the proposed process, a comparison of the current study with the reported related literature allowed a benchmark for our process parameters to be made. For the present study, the initial characteristics of the effluent are shown in Table 7 and were compared with previously reported studies to get an idea of the efficiency and effectiveness of the proposed method. Table 7 summarizes the comparison of previously reported studies in terms of COD removal %, initial conditions of wastewater, HRT, and SRT of wastewater. It was observed that the initial conditions varied with respect to the type of wastewater studied, and the SRT and HRT reported were based on the type of reactor system used. Moreover, it can be seen that the % COD removal of beverage wastewater achieved in this studied was 99.31%, as compared to the other studies using different processes and wastewater. Therefore, this study is significant, and useful in designing a new beverage wastewater treatment technique by an anaerobic sludge system, or operations for existing anaerobic-sludge-based methods to treat beverage industry wastewater.



It can be concluded that our proposed method successfully delivered greater COD removal for the prospective industrial wastewater, even in higher COD initial conditions, which ultimately confirms the applicability of our single-stage anaerobic batch reactor to deal with industrial wastewater, and our results are consistent with a single-stage anaerobic/micro-aerobic sequencing batch reactor for treating real sewage with high COD removal [28].






4. Conclusions


In the current study, the beverage industry wastewater treatment was investigated in a batch anaerobic sludge system. The optimum conditions observed for the anaerobic sludge process were initially HRT = 24 h, SRT = 2.5 days, MLVSS =11,656 mg/L, and initial COD = 80,000 mg/L. Additionally, the calculation of kinetic coefficients based on COD values resulted in a growth yield of 0.46 (mg VSS/mg COD), saturation coefficient of 3500 (mg/L of COD), max substrate utilization of 0.00466 (mg/L COD), growth rate of microbes 0.03833/h, and max growth rate of microbes of 0.3672/h. It was also observed that the degradation of organic matter was dependent on the growth of the microbes. Moreover, a COD reduction level was analyzed for 13 days, which indicated an efficiency of our proposed process up to 99.31%. Therefore, this study is significant, and useful in designing a new beverage wastewater treatment technique by an anaerobic sludge system, or operations for existing anaerobic-sludge-based methods to treat beverage industry wastewater.
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Figure 1. Different types of media (a) Eosin methylene blue (EMB) agar (b) Nutrient agar (c) MacConkey agar. 
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Figure 2. Lab-scale anaerobic reactor for industrial beverage wastewater with 3 mg/L activated carbon for pre-treatment. 
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Figure 3. Colony formed on dilution 1st and 2nd on nutrient agar. 
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Figure 4. Colony-forming unit count on (a) MacConkey agar (b) nutrient agar, and (c) EMB agar. 
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Figure 5. Effect of dilution on colony-forming unit in eosin methylene blue agar, nutrient agar, and McConkey agar. 
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Figure 6. Dependence of log10(CFU) on time in eosin methylene blue agar, nutrient agar, and MacConkey agar. 
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Figure 7. COD removal and substrate uptake versus time. 
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Figure 8. Removal of COD and efficiency of the process over time. 
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Figure 9. Solid retention time of the process over time. 
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Table 1. Identified bacteria types in the industrial beverage wastewater sample.
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	Type of Bacteria
	Genus and Species





	Gram-negative bacteria
	Campylobacter coli (C. coli)



	
	Escherichia coli (E.coli)



	
	Pseudomonas



	
	Salmonella spp.



	
	Shigella spp.



	
	Vibrio cholera



	Gram-positive bacteria
	Lactic acid bacteria



	
	Streptococcus



	
	Staphylococcus
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Table 2. Viable counts of the colonies on eosin methylene blue agar, nutrient agar, and on MacConkey agar.
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	Dilutions
	Number of Colonies on EMB Agar
	Number of Colonies on Nutrient Agar
	Number of Colonies on

McConkey Agar





	103
	186
	144
	48



	104
	134
	120
	32



	105
	40
	60
	14



	106
	28
	45
	9
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Table 3. Values of colony-forming units as per dilutions in eosin methylene blue agar, nutrient agar, and MacConkey agar.
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Agars

	
No. of Dilutions

	
Number of Colonies × Dilution Factor

	
CFU/mL = Number of Colonies × Dilution Factor/Volume of Culture Plate

	
Log10(CFU)

	
Adj. R-Square

R2






	

	
103

	
7.44 × 105

	
744

	
5.87

	
0.9976




	
EMB

	
104

	
4.8 × 106

	
480

	
6.68

	




	

	
105

	
2.4 × 107

	
240

	
7.38

	




	

	
106

	
1.86 × 108

	
186

	
8.26

	




	

	
103

	
5.76 × 105

	
576

	
5.76

	
0.97884




	
Nutrient

	
104

	
5.36 × 106

	
536

	
6.72

	




	

	
105

	
1.6 × 107

	
160

	
7.204

	




	

	
106

	
1.24 × 108

	
124

	
8.093

	




	
MacConkey

	
103

	
4.8 × 104

	
48

	
4.68

	
0.99637




	
104

	
3.2 × 105

	
32

	
5.505

	




	
105

	
14 × 106

	
14

	
6.14

	




	
106

	
9.0 × 107

	
9

	
6.95
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Table 4. Characteristics of industrial wastewater.
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	Characteristics
	COD

mg/L
	pH
	BOD

mg/L
	Color
	VSS

mg/L





	
	80,000
	4.5
	58,000
	Orange
	11,656
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Table 5. Solid retention time (SRT), substrate removal, and COD removal efficiency with time.
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	Time
	Removal of COD
	Substrate Uptake




      S 0  −  S e    X . t          S 0  −  S e    X . t          S 0  −  S e    X . t     








	Efficiency
	SRT





	Days
	mg/L
	Day−1
	%
	Days



	1
	80,000
	0
	0
	2.5



	3
	64,600
	0.105
	19.25
	2.767



	5
	50,800
	0.206
	37.5
	3.058



	7
	36,800
	0.296
	54
	3.425



	9
	28,500
	0.354
	64.3
	3.687



	11
	10,800
	0.472
	87.5
	4.405



	13
	550
	0.546
	99.31
	4.965
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Table 6. Kinetic parameters obtained by removal of COD for industrial beverage wastewater.
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	Kinetic Constant
	Units
	Value





	KS
	mg/L COD
	3500



	Μ
	L/h
	0.03833



	μm
	L/h
	0.03672



	K
	mg/L COD
	0.0066



	k
	-----
	0.0437



	Y
	mg VSS/mg COD
	0.46
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Table 7. Comparison of the initial characteristics of wastewater results with reported literature.
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Order

	
Reactor

Type

	
Wastewater

	
pH

	
Temperature

°C

	
COD

mg/L

	
MLSS

mg/L

	
HRT

h

	
SRT

Days

	
COD Removal%

	
References






	
1

	
Two-stage anaerobic batch reactor

	
palm oil mill effluent

	
4.3

	
37–57

	
8600

	
4100

	
12

	
20

	
90

	
[24]




	
2

	
Aerobic granular sludge

	
Sewage wastewater

	
---

	
20

	
1436

	
8000

	
17

	
20–38

	
63

	
[25]




	
3

	
Conventional

	
Municipal Wastewater

	
6.5–7.4

	
9–16

	
520–850

	
220–720

	
12

	
28

	
99

	
[26]




	
anaerobic sludge process




	
4

	
Two-stage anaerobic hybrid

	
Fruit juice industrial wastewater

	
7.5

	
26

	
4980

	
131

	
31

	
-----

	
99

	
[27]




	
5

	
Single-stage anaerobic batch reactor

	
Beverage industrial wastewater

	
4.5

	
20–25

	
80,000

	
11,656

	
13

	
26

	
99.31

	
This work
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