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ABSTRACT 

 

TREATMENT AND RECYCLE OF FRUIT PROCESSING MBR EFFLUENT 

 

Abu Taher Jamal Uddin      Advisor: 

University of Guelph, 2019      Dr. Richard G. Zytner 

 

Effective best management practice (BMP) was developed for treating fruit processing membrane 

bioreactor (MBR) effluent for reuse. The micromolecular soluble microbial products (SMP) and 

extracellular polymeric substances (EPS), which crossed through the 0.04 µ ultrafiltration (UF) 

MBR and constituted in the effluent as dissolved organic matters (DOM), was found to foul and 

block the permeation of the down-stream RO membrane hindering the recycle and reuse processes. 

Efficient treatment composed of enhanced coagulation coupled with granular activated carbon 

(GAC) sorption, reduced the DOM content to about 98%, and consequently the fouling potential. 

This maintained steady performance without any flux decline, while the intermittent flush-cleaning 

removed loosely bound deposits, if any, from the membrane surface.  Membrane preservation 

experiments showed steady permeation even after 3-4 months of preservation in deionized water, 

providing additional safety to the membrane during a shutdown period of the processing unit. The 

developed BMP will provide a sustainable reuse operation for the industrial partner, reducing 

freshwater needs. 
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Chapter 1: Introduction 

1.1 Overview 

It is well known that water covers about 70% of our planet. Unfortunately, only 3% of this water 

is fresh for human use. A large number of integrated impacts of global stressors such as population 

growth, land-use changes, urbanization, climate change, industrialization, and expected rapid rate 

of change for all these stressors over the next 10 years will increase human demand for domestic, 

industrial, and agricultural water. Some estimate predicts short supply in two-third of the world’s 

population by 2025 (Zimmerman et al., 2008). 

 

An obvious question is why water is scarce considering it covers about 70% of the planet? The 

simple answer is the lack of sustainable management where discharges happen into every sphere 

of human activities. As a result, emerging contaminants including pharmaceuticals and personal 

care products, endocrine disruptors, estrogens, and birth control pills including algal cyanotoxins 

are detected in our drinking water sources.  Nutrients discharge from many industries including 

agricultural activities causing algae blooms endangering surface water safety (Carmichael and 

Boyer, 2016; Michalak et al., 2013). There is oxygen depilation from lake water, putting the 

aquatic and human health and environmental safety at a great risk (Shahram et al., 2009).  

  

Current trends show an increasing demand for fresh fruits and vegetable products, which require 

large quantities of water for production, washing, and processing to make the product ready for 

market needs. Ultimately the discharged water needs to comply with regulations. Therefore, 

processors’ wastewater requires adequate treatment prior to disposal or reuse (Lehto et al., 2009, 

Olmez and Kretzschmar, 2009). Water used for washing may be recirculated to perform multiple 
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wash cycles, except for processes like peeling, cutting and juicing where it is to be disposed of 

after single use. Based on product and process type, after multiple wash or single wash, wash water 

requiring treatment prior to disposal to comply with discharge limits should be termed as 

wastewater. This is the point of difference between wash-water and wastewater (Mandi, G.S., 

2018).  

 

The heavy load of dissolved and undissolved particulates along with nutrients (nitrogen, 

phosphorus) and pathogen may be contained in the fruit wash-water. Some of the washing may 

contain rotten fruit residue, adding additional biopolymers to the wastewater. These constituents 

result in a high BOD load, preventing the wash water from direct discharge as the discharge limit 

is below 25 mg/L BOD.  

 

Water conservation through minimizing the use and reusing of treated wastewater is an important 

program, specifically for the fruit and vegetable sector (Bhupathiraju et al., 2011). Increased 

demands of fruit and vegetable call for increased development of processing industries to meet the 

needs. Consequently, the volume of water demand from the source and the volume of effluent 

from processing industries for discharge is increasing tremendously worldwide. This requires the 

processors to be more diligent in implementing best management practices (BMP) for treatment 

and reuse of wastewater effluent maintaining sustainability. The BMP will reduce the overall load 

on source water.   

 

Stringent environmental laws and regulations on source water protection, water taking, and 

discharges of waste and wastewater have had significant impacts on water-intensive industries 
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including fruit processors to meet the challenge of environmental compliance. Agri-Fruit 

Processors in Ontario, a major contributor to the national economy, face a duel crisis in getting 

fresh water for processing and discharging used water that complies with stringent regulations. 

The substantial surcharge costs for disposal impact the profitability and competitiveness and 

consequently the employee’s job and farmers market. 

 

Review of the literature showed limited research on the characterization of effluent, treatment 

tools, treatment feasibility, and cost-effective solution. As such, the research project explored and 

developed effluent characterization tools along with the treatment options to ensure the 

recyclability of effluents contaminated with biopolymers. The bulk of the research work focused 

on multi-dimensional approaches both at bench scale and semi-pilot set-up for the characterization 

of SMP (soluble microbial products) concentrated effluents mostly composed of non-polar, inert, 

low molecular-sized DOM. Reduction techniques in both conventional and non-conventional 

advanced coagulation methods followed by liquid and solid phase sorption techniques were 

planned. The final product was to qualify as feed to the RO membrane.  The research conducted 

developed best management practices (BMP) to manage a processor’s wastewater and allow 

recycle back into the system loop substituting the freshwater needs (under the environmental 

sustainability theme of OMAFRA). This practice will mitigate processors’ freshwater needs, and 

consequently will reduce discharge surcharges. Resolving the issue, will hopefully, pave the way 

for the processor’s growth with profitability and competitiveness contributing to the national 

economy while saving the environment as well.  
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Data generated from the experiments are given in the appendixes, including the different 

calculation methods for the solution of process operations parameters. Sorption intensity and 

sorption capacity parameters obtained in this research for various GAC (granular activated carbon) 

on sorption of DOM do not existed in literature. Similarly, is the RO membrane preservation 

technique. So, both will be an addition to this respect. 

 

1.2 Motivation 

A significant amount of fresh and clean water for cleaning, processing, and sanitation are required 

by fruit processors in industrial processing. Under stringent environmental regulations, getting 

water and discharging under compliance incurs substantial costs to processors. Water taking from 

a source in Ontario requires a permit to take water (PTTW) under O. Reg. 387/04. Effluent 

discharge is regulated in Ontario by the Provincial Water Quality Objectives (PWQO), where 

almost all municipalities sewers by-laws reflect the PWQO (e.g., Toronto Building Code Chapter 

681, Sewer). Penalties are accounted for per kilogram of contaminants on discharge basis. Also, 

not all the contaminants are allowed, only the treatable contaminants can be discharged.  

 

Considering all these facts, processors are looking for technologies to minimize the volume of 

disposed water. Statistical data of OMAFRA (2017) reveals that within $33.1 billion total revenue 

of food manufacturing industries, the FVP (Fruits, Vegetable and Preserving) share is about $2.2 

billion in the year 2015 which was 2.6 in 2010. These totals contribute significantly to Ontario’s 

Job Market and Economy. BLOOM (2015) noted that water management issues are driving factors 

to make the processors more profitable and competitive.  As such, processors are looking for 

treatment technologies for recycling. Due to the scarcity of useable surface water, remote 



5 
 

processors depend on well water and face serious water shortages during dry weather (Sept, Oct.). 

In adverse cases of low precipitation, the complete loss of well water is possible. As a result, there 

is a serious need for water recycling to keep their processes running. 

 

Complex property dynamics of fruits wastewater compared to municipal wastewater make it a 

challenge for tertiary treatment and recycle systems. Normally, municipal wastewater contains 

BOD in the range of 200-300 mg/L, while the processor’s wastewater contains BOD of 3000-5000 

mg/L. In addition, the wide range of complex organic matrix results in bio-fouling potential and 

bacterial growth (Giraldo et al., 2010) in effluent water. Also, there exists site-specific variability 

in colloidal suspensions, organics, TSS, and nutrients contributing to treatment complexity.  

 

Algoma Orchards Limited is an apple orchard and processing facility in Newcastle, Ontario. They 

use a substantial amount of water (about 45 m3, discussion with technical staff) every day for the 

growing, hydro-conveying and cleaning of their apples including cider (juicing) processes for 

apple, pear and sometimes cranberry, along with the pressing and chemical cleaning at the various 

stages of the processing.  

 

Consequently, this wash-water becomes enriched with colloidal suspensions, high organics, total 

suspended solids (TSS) and nutrient (nitrogen, phosphorous) contents. Of course, the characteristic 

dynamics of those contaminants will not be similar, as fruits differ from one to another. The 

resulting organics include carbohydrates and coloring materials that contribute to BOD was also 

different, resulting in an upset in MBR operation when fruits type was changed. This upset 

promotes more buildup of micromolecular smaller organic materials into the MBR effluent, 
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causing subsequent RO flux decline and fouling, calling for membrane chemical cleaning ceasing 

operational cycle and reuse program.  

 

The cleaning frequency was so severe that it happened every week, impacting the costs of 

chemicals, labor and plant unavailability (source: site technical staff contacts). Henthorn, (2002), 

estimated an average cost of US$ 60 per element per chemical cleaning, which may reflect about 

$1100/week or about $57,000/year. Along with the costs of energy and overhead costs, the overall 

expense for the management of a cleaning sequence would be much more. This led to the interest 

of the IP in finding a solution to the issue addressing the existed challenge. The conducted research 

was designed to resolve the issue and recommend the right technology to achieve the reclaimed 

water of recyclable quality continuously with the steady performance of RO without irreversible 

fouling. 

 

1. 3 Objectives and scopes 

The main goal of this research was to identify/select/develop the best management technique for 

the IP to treat the MBR effluent, enabling the recycling and reuse of wastewater contributing to 

sustainability. The sub-objectives are summarized: 

i.) Search and review recent advancement in wastewater effluent tertiary treatment techniques 

and current understanding of fruits wastewater effluent qualities involving biological MBR 

process and foulants on down-stream RO membrane,  

ii.) Improve the understandings of existing treatment techniques and modified/upgrade the 

techniques to identify the most efficient one,  
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iii.) Explore the removal behavior of dissolved organic matters (DOM) and the extent of fouling 

mitigation for the selected technique. Characterize foulants on the membrane surface and 

develop an online membrane management technique to restore membrane performance,  

iv.) Investigate preservation of used RO membrane and recommend a suitable preservative to 

save membrane from physical damage and deterioration during plant shutdown periods. 

 

A set-up of bench-scale experiments using enhanced coagulation and sorption system (columns) 

followed by RO experiments were completed along with the installation of respective components. 

The coagulation of suspended masses followed by the flotation of lighter organic content were 

investigated using DAF. The enhanced removal of organics was conducted by enhanced 

coagulation and solid-phase sorption. The treated water was targeted to reduce excess TOC and 

thereby its bio-fouling potentials. At this stage, water was ready to safely feed to the RO membrane 

for recycling back into the system loop. Deliverables include presenting the final report to 

stakeholders. 

 

1.4 Thesis organization 

This is a manuscripts-based thesis as outlined in the “Thesis Format” section of the University of 

Guelph. The thesis is organized into seven chapters including Chapter 1 (Introduction), Chapter 2 

(Literature review), Chapters 3-6 (results chapters), highlight the project outcome in 3 different 

papers prepared in journal article format the Canadian Journal of Civil Engineers, and Chapter 7 

(synthesized summary of conclusions/recommendation). A summary of the manuscript of chapters 

are as follows: 
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1.4.1 Chapter 2 - Literature review  

This chapter investigated the advancement in the area of RO membrane applications, specifically, 

MBR-RO integrated systems including pre and post requirements of steady RO operation and 

economic management ensuring product safety, quality control and quality assurance. In-depth 

review of existing advancement on the removal of TOC in water including biopolymers covering 

soluble microbial products (SMP) and extracellular polymeric substances (EPS). Enhanced 

coagulation and activated carbon sorption processes were reviewed in detailed. Finally, the 

reviews were summarized formulating a research direction in the light of collected information.   

 

1.4.2 Chapter 3 - Enhanced coagulation dynamics in reduction of soluble microbial 

products from fruits wastewater MBR effluent 

This chapter outlines the experiments completed on the removal of SMP (soluble microbial 

products) from actual MBR effluent, synthetic effluent and bench-scale MBR effluent by enhanced 

coagulation.  Synthetic effluent was prepared in the lab adding chemicals to mimic characteristics 

of actual MBR effluent. Synthetic bench-scale effluent was generated from synthetic wastewater 

prepared from blends of fresh apples and pears procured from the local market. Known 

concentrations of SMP components in synthetic effluent were used to develop a treatment criterion 

by jar testing. The intensity of dissolved SMP removal was based on macromolecular components 

in the effluent. The chapter discusses the removal dynamics at different conditions with varied 

constituents.  
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1.4.3 Chapter 4 - Evaluation and modeling performance of activated carbon in removing 

micro-molecular dissolved organic matters from fruits wastewater MBR effluent 

This chapter outlines the experiments completed and results obtained from the evaluation of 9 

different activated carbons (AC) sorption in removing dissolved organic matters (DOM) from 

fruits wastewater MBR effluent and to select a high rated GAC. The selected GAC and developed 

sorption parameters were used to run a semi-pilot column experiment integrating with enhanced 

coagulation as a best management practice (BMP) for the post-treatment of MBR effluent 

removing about 95-98% of dissolved SMP as DOM to produce RO feed. The micromolecular 

SMP, which escaped from the enhanced coagulation process was now captured by GAC achieving 

a successful BMP.  

The work will be submitted to the Canadian Journal of Civil Engineers as noted: 

 

• Jamal_uddin, A.T., Zytner, R.G., Warriner, K., & Singh, A. (2019).  Evaluation and 

modeling performance of activated carbon in removing micro-molecular dissolved organic 

matters from fruits wastewater MBR effluent. To be submitted to the Canadian Journal of 

Civil Engineers. 

 

1.4.4 Chapter 5 - Fouling evaluation and RO performance restoration in purification of 

fruits wastewater MBR effluent 

Chapter 5 outlines the experiments completed on the evaluation of the RO membrane 

performances including characteristics of foulants accumulated on the membrane surface during 

operations using treated and untreated effluents. Experiments were successfully completed on 

subsequent membrane performance restoration in an easy, economical and environmentally 
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friendly technique, as well as best procedures for safe preservation of used membranes for a later 

uses without any deterioration in performance. Comparison of different results show the benefits 

of best management practice. The steady performance of RO without any flux decline during the 

operation hours using treated water was achieved. Online membrane management by flush 

cleaning of loosely bound deposits was successful to restore membrane performance. It revealed 

that the work provides a complete solution recirculating actual MBR effluent back into the washing 

cycle in the fruit processing industry, hence reducing the need for fresh water from the sources. 

The IP can safely apply the BMP into a sustainable operation.  

This work will be submitted to a membrane conference or a membrane Journal. 

• Jamal_uddin, A.T., Zytner, R.G., Warriner, K., & Singh, A. (2019/2020).  Fouling 

evaluation and RO performance restoration in purification of fruits wastewater MBR 

effluent. To be submitted to Journal of Membrane Science. 

 

1.4.5 Chapter 6 - Reuse of MBR effluent from fruit processing wastewater containing 

high dissolved organic matter 

Chapter 6 outlines the experiments integrating evaluated and developed components of best 

management practices in post treatment of MBR effluent followed by RO operations that allowed 

the recycling of RO permeate at a steady and sustainable manner to fruit washing process meeting 

the prime objectives of the project. The reuse of wastewater introduced an environmental 

sustainability process to reduce discharges of wastewater to the environment. The reused 

wastewater has the potential to reduce operating costs enhancing plant availabilities and ensuring 

employees’ jobs. This work was presented at the CSCE Annual Conference, Laval, Greater 

Montreal, June 12-15, 2019, and is cited as follows: 
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• Jamal_uddin, A.T., Zytner, R.G., Warriner, K., & Singh, A. (2019).  Reuse of MBR effluent 

from fruit processing wastewater containing high dissolved organic matter. Presented at 

the 2019 Annual Conference, Canadian Society for Civil Engineering, Laval, Montreal 

June 12-15, 2019 



12 
 

Chapter 2: Literature review  

2.1 Overview of biopolymers in water and MBR effluent 

In general wastewater effluent consists of natural organic matters (NOM) and soluble microbial 

products (SMP). There are two types of NOM: allochthonous and autochthonous. Allochthonous 

NOM enter from a terrestrial watershed and autochthonous are derived from biota and 

characterized as SMP.  They cover a wide range of organics including humic acid (>1000Da), 

fulvic acid (500-1000 Da), proteins, and carbohydrates; and most of them are hydrophobic. In 

wastewater treatment, SMP are derived from biological metabolism of biodegradable organic 

matters (BOM), present in wastewater. Soluble microbial products present in MBR effluent are a 

group of organic compounds including carbohydrates, humic acids, and protein type materials 

along with trace amount of lipids, nucleic acids including some polysaccharides as reported by 

many researchers (Jarusutthirak and Amy 2006; Haberkamp et al. 2007).  

 

Dissolved organic materials having a molecular size smaller than membrane pores can pass 

through and make their way into effluent water. In fruit wastewater MBR effluent, low molecular 

SMP and EPS pass through the 0.04 µ MBR UF membrane pores into the MBR effluent. These 

materials in MBR effluent are captured on RO (100 Da) membrane surface if RO is fed with 

untreated MBR effluent. Both SMP and EPS are hydrophobic, non-reactive to chemical and 

biological processes. These materials have the potential to adhere to the membrane surface and 

ultimately block the permeation passages. Such fouling caused by SMP materials are irreversible 

in nature, requiring the early replacement of the membrane, increasing operational costs.  
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Based on water contaminants such as suspended particles, particle size, ionic properties, 

carcinogenic impacts, and aesthetic properties, the treatment strategy is decided. Options include 

conventional coagulation-flocculation-sedimentation, filtration of suspended solids (SS), solid or 

amorphous phase sorption of dissolved organic and inorganic matters, ion exchange removal of 

metal contaminants,  size exclusion sieve separation of larger particles, transformations of complex 

organic structure to avoid certain by-products formation, such as disinfection by-products (DBP),  

by advanced oxidation (ozone, ozone -H2O2, O3/H2O2-UV), flotation removal of lighter 

suspensions are some of the common strategies of industrial wastewater tertiary treatment.  

 

2.1.1  Parameters to identify SMP components 

Total organic carbon (TOC) or dissolved organic carbon (DOC) can be used to quantify the amount 

of colloidal, particulate and dissolved organic present in MBR effluent. Absorbance at UV254 nm 

is used to estimate aromaticity or hydrophobicity of organics present in MBR effluent in 

combination with specific UV absorbance (SUVA). SUVA is a ratio of UV254 absorbance and 

DOC present in a water sample. SUVA indicates the aromaticity or hydrophobicity of organic 

constituents present in a water sample (Weishaar et al., 2003). It may be mentioned here that 

SUVA calculation results are influenced by pH, nitrate, and iron present in solution.  In reality, all 

these parameters cannot provide specific information on a particular member of SMP and EPS, 

including composition or amount. They can be used for the overall estimation of organics 

hydrophobicity as well as the aromatic character of a water sample. Among the three-technique, 

TOC measurement is a strong and dependable tool in the quantification of SMP in terms of organic. 
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2.2 Introduction to RO 

 

RO, a pressure-driven membrane process, is widely applied and recognized as the leading 

technology for critical water purifications (Wenten & Khoiruddin, 2016). Utilizing the benefits of 

the latest advancement in membrane materials, modules, and cost-effective process design, RO is 

applied widely in the removal of humic substances (Ødegaard & Koottatep, 1982; Domany et al., 

2002; Agui et al., 1992; Tang et al., 2007a), purification of industrial wastewaters (MÖLter & 

Lindenthal 1995), production of boiler feed water from dairy wastewater (Suárez et al., 2014), 

removal of pesticides and other micropollutants (Hofman et al., 1997), removal of disinfection by-

products (DBPs), and tertiary treatment applications (Alzahrani et al., 2013). 

 

Also, in removal of Boron and Silica (Oner et al, 2011), metals (As, Pb, Hg etc.) (Jacangelo et at., 

1995), concentrate milk components (Balance et al., 2002), fruit juices concentration (Echavarría,  

et al., 2012; Gurak et al., 2010; Pap et al., 2009; Couto et al., 2011; Gunathilake & Rupasinghe, 

2014), production of yogurt (Davies et al., 1977), and Cheddar Cheese (Bynum & Barbano, 1985) 

RO is used extensively.  

 

MBR-RO combination was extensively applied for different wastewater remediation: (1) high 

strength color and toxic organic content textile wastewater were purified to produce potable water 

quality (De Jager et al., 2014; You & Deng, 2008), (2) industrial wastewater reuse applications 

(Chen & Chen 2004), (3) municipal wastewater reclamation (Dialynas, & Diamadopoulos, 2009; 

Jacob et al., 2010; Sahar, et al 2011), and (4) wastewater pilot research qualified for many potable 

and non-potable reuses (Tam et al., 2007). However, the literature search did not reveal any MBR-

RO publications for fruit processing wastewater reclamation. Therefore, the present research goals 
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were designed to address and mitigate this research gap providing 1st research information on this 

area of application, helping future researchers and the fruit processor communities. 

 

2.2.1 RO is not a size exclusion filtration   

The mechanism and theory of separation by RO membrane is through hyperfiltration. It differs 

from other membranes (UF, MF, NF) using size exclusion technique (NF uses both size exclusion 

and semi-hyperfiltration). Based on pore sizes, the demarcation of four groups of membranes are 

as follows: 

 

Membrane types Pore sizes 

RO 1 - 15 A° 

NF (nanofiltration) 7 – 100 A°  

UF (ultrafiltration)  10 – 1000 A° 

MF (microfiltration) 100 - 100,000 A° 

 

Salt passage % and the respective size of different ions are tabulated in Table 2.1 (adopted from 

Jamaluddin et al., 1998) to provide an understanding of the specialty of hyperfiltration.  

 

The ionic radius of some of the common ions is shown in Table 2.1. It is apparent that the pore of 

RO membrane does not prevent most of the ions to pass through, but, practically above 99% of all 

of them were rejected without passing (i.e., can’t pass). If we compare the K+, Ca++ and Mg++ ions 

sizes, their sizes order - K+ > Ca++ > Mg++ (2.66 Aº > 2.36 Aº > 1.62 Aº), where Mg++ size is the 
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lowest 1.6 Aº. Logically, Mg++ should pass (salt passage) the highest, but the opposite happened, 

as it passed the lowest, only 0.09%, and the remaining 99.91% was rejected by the RO membrane. 

The reason is that this it is not a size exclusion filtration, unlike other membranes. The ions of 

dissolved salt are held together in a matrix by the weak ionic bond between positively and 

negatively charged ions in solution. As they are bonded in the solution matrix, even smaller ions 

were prevented from passing along with the solvent, and rather remain in solution to be rejected. 

The valency number or charges were involved. This special property is the basis of RO filtration. 

 

Table 2. 1: Ionic sizes of common ions in solution and different membrane pores 
 

 

 

The expanding force of water matrix is the osmotic pressure of the solution, where higher the 

oxidation state of ions, i.e., ionic charges, the higher is the contribution to osmotic pressure and 



17 
 

consequently lower in the salt passage or higher in salt rejection. Such as, in comparison 

contribution of Mg ++ to osmotic pressure, is twice the K+, due to charge difference. As Mg ++ ion 

has two charges (higher charges) it will interact more with solution matrix without passing through 

the membrane, i.e., low salt passage (or high salt rejection). Salt passage and salt rejection are 

related, but with opposite values (i.e., scale of measurement). In general, the osmotic pressure of 

water was reported to increase by about 0.7 bar/1000 mg/L TDS of a solution. (Jamaluddin et al., 

1998). Un-dissociated molecules and slightly soluble salts do not contribute to osmotic pressure. 

They are merely suspended within the ionic matrix, are not an integral part of the ionic matrix, 

enter either to the membrane with water molecule or rejected if they are too large to fit through the 

pores of membrane structure. These components, if not removed from the solution during pre-

treatment stages, either block the membrane pores or adhere to the surface of the membrane 

without washed away through reject (brine) flow. Nonpolar hydrophobic organics such as 

constituents of MBR effluent (SMP, EPS, biopolymers), are the components of this category. Also, 

attach to the membrane surface, supplying a potential food chain to surviving bacteria and promote 

their generation facilitating anchoring on the membrane surface forming colonies and further 

multiplication. This ultimately plugs the membrane pores and irreversibly fouls the membrane by 

biofouling. Even accumulation of dead microbes forms gelatinous slime of decomposing bacteria 

on the membrane surface inhibits water passage.  

 

2.3 RO Membrane fouling  

The RO membrane system is pressure-driven separation, where applied pressured impacts the 

compaction of the membrane structure, causing a nominal decline of flux over time. Above this 

normal and theoretically calculated decline rate, the contaminants generate obstructions in the 

membrane permeation area, which is termed as fouling. Dissolved constituents become 
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concentrated in the cake layer on the membrane surface when maximum permeation takes place 

and the dissolved constituents are rejected from passing through the membrane. Some of the 

dissolved constituents in concentration may cross the precipitation threshold and get precipitated 

on the membrane surface. If not washed away by the retentate stream flow, it will adhere on and 

block the permeation passage. Dissolved and suspended organics, inorganic salts, colloidal 

particulates, and surviving bacteria are the components participating in membrane fouling in 

different ways and impacting permeation, which could either be reversible though cleaning or 

irreversible blocking the pores permanently and killing the life of the membrane. The system fluid 

dynamics, membrane surface characteristics, physical features of the membrane, operating 

conditions (pH, temperature, pressure, recovery) and nature of the foulants individually and 

conjugatively affect the flux decline through the transport of foulants and residing in membrane 

pores as well as accumulate on the surface. The proposed approaches to predict initiation of the 

fouling process varies, but none could fully define the dynamics due to site-specific nature of 

foulants. Ultimately, researchers are trying to investigate the site-specific scenarios through 

analyses of surface accumulations to determine the nature of foulants and assess any damage 

caused on the membrane surface or structure.  

 

Protein like substances, polysaccharides, humic substances, biopolymers, peptides/polypeptides, 

amino sugars, and similar other substances were reported to be the potential membrane foulants at 

wastewater or organics populated water environment (Jamal_uddin et al., 2019; Yamamura et al., 

2014; Peldszus et al., 2011; Amy 2008; Juang et al. 2013; Jarusutthirak and Amy, 2006; Yao et 

al., 2011). Interactions of those foulants with the existing divalent Ca++ in solution were found to 

cause a more complicated irreversible fouling (Jamal_uddin, et al., 2019. Agui et al., 1992). 
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Colloidal interaction also showed similar behavior (Peldszus et al., 2011). Municipal wastewater 

effluent was reported to foul membranes by a protein present in it (Juang et al., 2013).  

 

A review of the literature reveals that most of the work on synthetic or municipal wastewater 

effluent. There was no industrial fruits processing wastewater MBR effluent tertiary treatment for 

RO feed, except the preset research. There exists a complete research gap in the area, hence the 

research is the 1st of its kind mitigating the research gap. 

  

The water quality, measured as turbidity, is the vital fouling parameter that should be as low as 

possible for RO feed. Also, feed water should be free from nonpolar hydrophobic suspended 

components leading to colloidal transformation. In general, the turbidity and other parameters as 

reported should be as follows: turbidity <0.4NTU, TOC<5 mg/L, BOD5<5 mg/L O2, TSS < 10 

mg/L as O2, for the long-term steady performance of RO membrane (Davila & Sparks, 2003). 

Utilizing Ionics hollo fiber MBR, they claimed to achieve better than the above ranges in treating 

municipal wastewater for RO feed. So, efficient MBR performance and MBR post-treatment are 

appeared to be the major concern for steady RO performance. 

 

In zero bacterial presence, RO membranes are widely applied for organic removal in industrial 

applications.  After an effective removal of hydrophobic and BOM by the MBR system, the 

remaining hydrophilic organic compounds were reported to be removed remarkably by the RO 

membrane following for 40 trace organic compounds in a lab-scale MBR-RO wastewater reuse 

application, these compounds were below the analytical detection limit in the effluent (Alturki, et 

al., 2010). However, the assessment was under controlled experimental conditions, and the feed 
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was free from bacterial presence, in such conditions even trace of organics could be removed 

significantly. 

 

Fouling are of two types: reversible fouling and irreversible fouling. Reversible fouling is fouling 

that can be removed by some form of maintenance treatment or control method. This can be 

conducted by physical or chemical means. Physically reversible fouling can easily be removed by 

some form of physical cleaning or treatment method such as low-pressure forward flushing, 

permeate backwashing (or forward osmosis), relaxation, and air scouring. Reversible fouling is 

normally categorized or happens by loosely attached foulants to the membrane surface. Reversible 

fouling originates from some chemical deposition that requires chemical maintenance or recovery 

cleaning to remove foulants that are more securely attached to the membrane surface or within 

membrane pores. 

 

Irreversible fouling is permanent fouling on the membrane surface or within the membrane pores 

that cannot be cleaned by any physical or chemical treatment methods. It is usually associated with 

pore blocking which is more difficult to remove. This drastically decreases membrane flux and 

increases TMP (trans-membrane pressure), resulting in a need to replace the membrane.  

 

In membrane performance restoration by cleaning, two types of cleaning are considered: 

maintenance cleaning and recovery cleaning. Less frequent permeate back-flushing (once or twice 

a week) with chlorine (or bleach) is currently termed as maintenance cleaning, which is done to 

remove a portion of cake layer formed on the membrane surface targeting mainly disinfection of 

membrane lumen and permeate pipe. Without maintenance cleaning, the hollo fiber membrane is 
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vulnerable to lumen blockage that causes not only loss of surface area but also flux loss. 

Maintenance cleaning is less compelling for flat sheet membranes. (The maintenance cleaning 

procedure is generalized as 10-60 sec in every 10 min to few hours at 1.5 to 2.0-time higher flow 

rate than the permeate flow rate; along with100-600 mg/L chlorine @ 15-20 LMH for 10-20 min). 

 

Recovery cleaning is performed to bring the membrane permeability back to the original level 

(although not always possible). Recovery cleaning is not conducted until high TMP (e.g., 30 kPa) 

is reached, where the cake layer that contacts the membrane becomes more compact, therefore, it 

is wise to conduct recovery cleaning as soon as permeability hits to the minimum of TMP 

maximum. Recovery cleaning is done at much less frequently (2-4 times per year or as needed). 

This involves direct and stagnant contact of the membrane with cleaning chemicals (typically 

NaOCl, citric acid) in the range of 4-6 h. Some systems may have recovery cleaning integrated 

without draining the tank of mixed liquor, but others drain the tank and allow the membranes to 

soak in the chemical solutions directly. 

 

2.3.1 Foulant investigation  

In order to find out the actual reason for the irreversible decline in membrane flux, foulants on the 

surface of the membrane are analyzed to identify the chemical composition using energy-

dispersive X-ray spectroscopy (EDX) analysis. A detailed micrographic view of the membrane 

surface is conducted by scanning electron microscope (SEM) analysis which also helps to 

determine the nature of foulants. The side EDX view of membrane cross section provides 

information about structural deformation as well as pore-filling characteristics of a membrane by 

foulants or operating conditions. Membrane polymer degradation can be obtained by Tensile 

testing (of hollo fiber) and intrinsic viscosity measurement (polymer solution). These are physical 
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testing of polymer structure and properties to identify impacts of fouling. Foulants information is 

useful to plan RO operation strategy. Based on the foulants types, feed pre-treatment and plant 

operation were managed to solve performance problems at a RO plant on Red sea (Farooque, et 

al., 1997; Al-Amoudi, et al., 2002).  

 

2.3.2 Foulant characterization  
 

The latest development of organic analysis equipment makes the process of foulant 

characterization advanced and easier. SEM-EDX, fluorescence spectroscopy, high performance 

size exclusion chromatography (HPSEC), attenuated total reflection Fourier transform infrared 

spectroscopy (ATR-FTIR), contact angle and zeta potentials are getting more popularity in 

characterizing foulants and membrane surface property changes due to fouling (Lee et al., 2006; 

Peiris et al., 2010). Liquid chromatography – organic carbon detection (LC-OCD) has been used 

by many researchers in NOM characterization (Hallé et al., 2009; Rahman et al., 2014). SEM 

micrographs and EDX analysis were used for foulants from seawater (Al-Amoudi, at el, 2002). 

ATR-FTIR was reported to be used for functional chemistry of foulants ((Howe et al., 2002; 

Kimura et al., 2004; Lee et al., 2006;), as well as in identification of humic substances, 

polysaccharides-like materials, and protein like substances (Zularisam et al., 2006; Zhao et al., 

2011). Organic fractions covering biopolymers (polysaccharides, polypeptides, proteins and amino 

sugars), humic substances (fulvic acid and humic acids), building blocks (hydrolyses of humic 

substances), low molecular weight acids and neutrals (alcohols, aldehydes, ketones, and amino 

acids) were identified (Huber et al., 2011; Tran et al., 2015). Foulant characterization using SEM-

EDX, FTIR and contact angle measurements for fouled, cleaned and virgin membranes operated 

with treated and untreated MBR effluent were reported (Jamaluddin, et al., 2019). 
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2.4 Membrane characteristics  

 

All RO membranes have 4 general characteristics: water flux, salt flux (salt passage), salt rejection 

and recovery rates. Flux is the amount of water or salt that passes /permeates through a unit area 

of the membrane at specific operating conditions. It is convenient to quantify these parameters in 

terms of mass transfer coefficient for solvent or water (A), and solute or salt (B). These two 

coefficients indicate the characteristics of the membrane (DuPont 1992; Jamal-uddin et al., 1998).  

A = Fw / (∆P-∆π)          (1) 

B = Fw Cp /(Cfb-Cp)         (2) 

where, 

Fw = Water flux (flow rate/area), Cp= concentration of product, Cfb = concentration of brine 

∆P-∆π = NDP, net driving pressure (applied pressure - osmotic pressure and system losses) 

∆π = πfb-πp   

where,  

πfb= osmotic pressure of brine, and πp = osmotic pressure of permeate 

The term “B” is the solute (salt) flux divided by trans-membrane ion concentration gradient.  

Geankoplis (1993); and Wilf (1994), utilized the Equations 1 and 2 in their studies. 

The relationship between the “A” value and time is given by the following Equation: 

At = A0(t/t0)
m            (3) 

Where, 

At = “A” value at time t 

A0 = “A” value at time zero (i. e., initial A value) 

t0  = Time during which there is no flux decline. 
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 m = flux decline slope 

Once flux decline slope ‘m’ is determined, and initial “A” value is known for a membrane element; 

the influence of flux decline due to membrane compaction on productivity can be estimated for 

any time during the expected life period of membrane element. In other words, the permeate flow 

rate at any reference conditions (temperature and pressure) can be obtained by simple 

multiplication by “A” value.  

 

The simple Equation describing water flux Fw is given by 

Fw = A Pnet  (rearranging Equation 1, Fw in (m3/m2.d)      (4) 

Salt rejection   R = (1- Cp/Cf)*100        (5) 

where,  

Cp= concentration of salt in product water in moles/m3,  

Cf = Concentration of salt in feed water in moles/m3 

Recovery rate  = 100 * Vp/Vf                  (6) 

where,   

Vp and Vf are the volume of feed water processed and volume of treated water produced  

 

2.5: Calculation of Membrane Flux Retention Coefficient (MFRC) 

Degradation effects on RO membrane performance are normally originated from two causes:  

1) chemical and/or biological fouling caused by foulants present in water feed and 

2) compaction effect (mainly due to applied pressure and/or temperature) 

The physical change in the structural morphology of membranes as a result of applied hydraulic 

pressure which can result either in an increase or decrease in water flux/flow. An increase in 
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flux/flow may occur due to membrane physical damage/failure, and the cause of the decrease of 

flux/flow, other than chemical and/or biological fouling is due to membrane compaction. This 

phenomenon of decreasing flux with time due to compaction is known as membrane flux decline. 

The rate of decline increases with increased pressure and/or temperature. Thus, the effect of 

pressure, temperature and operation time on membrane flux decline is expressed as a Membrane 

Flux Retention Coefficient (MFRC) and is defined by the following Equation: 

MFRC = Qt / Qi  →(Ft/Fi)          (7) 

Where,  

Qt = permeate flow rate at time t 

Qi = permeate flow rate at initial start-up 

Ft = water flux at time t 

Fi = water flux at initial start-up 

For both Qt and Qi values, all pressure and temperature terms are considered to be fixed or constant 

and the only variable is time-related flux decline. The MFRC value expresses the amount of flow 

(flux) retained by a permeator relative to its initial flow rate when only flux decline effects are 

considered. Thus, an MFRC of 0.9 means the permeator has retained 90% of its original value. 

The RO membrane flux decline has been found to follow an equation (Potts et al., 1981; DuPont, 

1992; Wilf & Klimko, 1994) as follows: 

Ft = K tm                  (8) 

Where, K = constant (considered as initial flux value F0), m = flux decline index 
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Equation (8) predicts that a log-log plot of flux versus operation time will yield a straight line, with 

a negative slope having the value “m”. As indicated above, the constant K is generally taken to be 

an initial flux value, F0. The log-log flux decline index, “m”, can be expressed as: 

 

m= log (Ft/F0)/log(t/t0)              (9) 

 

The flux-decline slope has been defined as compaction slope and is used to describe performance 

over extended periods as long as years assuming no chemical and/or biological fouling has 

occurred, and flux decline is due only to membrane compaction. MFRC is a log function with 

respect to time. There is an opinion that this time factor is not as significant after the initial flux 

decline has occurred (DuPont 1992; Jamal_uddin, et al., 1998). 

 

2.6  Physical characteristics of RO membrane 

There are specific membrane properties/features that interact with feed quality and operating 

conditions affecting overall performance: (1) contact angle, (2) surface charge, (3) roughness, (4) 

functional group, and (5) zeta potential (Childress, & Deshmukh, 1998, Pusch 1990). Summary of 

some of the generally observed effects: 

• smaller contact angle (<< 90º) correspond to high wettability 

• wetted porosity facilitates water passage through the membrane 

• fouling of a membrane decreases surface charge and increases the contact angle 

• contact angle greater than 90º impart hydrophobic character 

Membrane surface characteristics and materials and physical properties are selected depending on 

applications of the membrane. In general, varied pH, oxidant chemical tolerant, high-temperature 
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operation, fouling prevention and high wetting property membranes are favorable for most of the 

applications.  

 

2.7 Effects of Varying Operating Parameters  

The performance of RO varies with applied pressure, water temperature, the range of water 

recovery, and the degradation potential of feed water. The first three of these factors are related to 

feed water composition, while the last one is with membrane materials ((DuPont 1992; 

Jamal_uddin, et al., 1998, USBR 1998).  

 

2.7.1 Effect of Pressure 

Equation (1) shows that water flux is directly proportional to applied pressure. At high NDP, feed 

water will have high velocity, force the foulants to interact with membrane surface resulting in a 

scaling problem, which may also promote precipitation of slightly soluble salts.  

 

Excessive NDP causes membrane compaction and deformation resulting in a decrease in flux and 

an increase in product quality. Other operating factors include high temperature, high pH, and 

presence of oxidants will speed up the process, and a severe irreversible stage is characterized by 

an increase in water flux as well as an increase in the salt passage. 

 

2.7.2 Effect of Temperature 

The rise of temperature in water increases in the enthalpy of the system. Bonds within the 

membrane matrix are more relaxed and the salt molecule is more active at a higher temperature 

(≥25ºC). Water with high temperature causes low viscosity and a higher diffusion rate makes it 
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easier for the water to permeate through the membrane. In general, the 1ºC rise of temperature 

results with a 3% increase in permeate flow and a 6% increase in the salt passage in a seawater 

environment. Those impacts are not important if operated at a normal temperature. Excessive heat 

in a RO system can cause a variety of problems such as carbonate scaling, which is more likely at 

a higher temperature. This process results in enhanced membrane compaction, where fouling 

caused by higher water flux is likely.  

 

Accurate reporting requires normalization of operation data. Manufacturers generally provide a 

table of temperature correction factors (TFC) or an equation to apply and normalize flux to 25ºC. 

However, site-specific TFC is more appropriate and at a critical water site, a site-specific TCF for 

normalization of RO process data from a Toray membrane was reported TCFT=2.176 e-0.0311T 

(Jamaluddin et al., 1998). The standard operating temperature is 25ºC, and at this temperature, 

TCF is 1, above normal temperature TCF< I, and below 25 ºC TCF >1. Process data is normalized 

to 25ºC for evaluation, comparison, and reporting purposes. Most of the membranes have 

maximum operating limits of 40 – 45 ºC. 

 

2.7.3 Effect of pH 

The pH of feedwater is vital for adjustment of scaling potentials from the brine stream.  For 

example, CaCO3 is more soluble at a lower temperature at pH <8 thus carbonate scaling can be 

avoided by maintaining a lower temperature and/or pH. On the other hand, silica solubility 

increases above pH 7.7 and at high temperature, and scaling can be controlled either by raising pH 

or the temperature of the feed water. When both silica and carbonate saturation exists in brine, care 
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must be taken to find the best conditions, as a change in pH or temperature may one or the other 

can precipitate. 

An unappropriated pH of feed can affect membrane structure, such that CA (Cellulose Acetate) 

membrane have an operating pH range of 4-6. Outside this range, hydrolysis occurs including bond 

breakage and substituted with OH ions, leaving holes in the membrane surface (Murphy, 1991). 

On the other hand, some PA TFC (polyamide thin film composite) membrane has an operating pH 

range of 2-11, with a lower risk of pH. Ceramic and metallic membranes are not affected by pH. 

 

2.7.4 Effects of Treatment Chemicals 

Oxidants are added to water supplies to control bio-growth, color, odor, teste, iron, manganese, 

and to speed up the decomposition of vegetable and animal matter (Weber, 1972). Disinfectants 

are added for sanitation. Among these groups, halogens, ozone, and UV light are the most 

common. These chemicals may have different impacts on membrane structure with different levels 

based on membrane materials. Some management is required prior to feed to the membrane for 

example, the CA membrane is very sensitive to Chlorine and should be removed by sodium 

bisulfite (SBS) prior to feeding the membrane. Similarly, if a feed stream is treated with Ozone, 

subsequent UV light is to be applied to remove excess ozone before a feed to the membrane. 

 

2.8 Post MBR Treatments to RO feed 

Treatment techniques considered applicable for the effective post MBR treatment of MBR 

effluent for RO feed are reviewed and discussed.  
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2.8.1 Flotation  

Flotation, a treatment process of solid and liquid separation, where fine bubbles of air are created 

and allowed to attach to solid particles remained in suspension in the liquid. This makes the 

particles buoyant and ultimately drives them up to the surface of liquid water.  

 

Air flotation can be done in two ways: (1) disperse air into water under vacuum, or (2) dissolve air 

into pressurized water then releasing the pressure. The former finds particular applications in the 

mineral industry, while the latter has been used mainly in sewage and industrial wastes treatment, 

algae removal, oil removal and water clarification (Packham, 1972). Micro-bubbles are formed as 

the pressured air/water mixture is released (Edzwald, 2007, 2005). The bubbles generated are 

generally much smaller than with dispersed-air flotation and are usually about 0. 1 mm or less in 

diameter. In DAF (dissolved air floatation), the slow rise of much smaller bubbles can permit 

sorption in the floc structure.   

 

Three methods of air bubble attachment with the suspended particle which can lead to flotation 

were defined (Vrablik, 1960): 

(i) Adhesion of a gas bubble to the suspended phase as a result of either: 

(a) collisions between the bubbles and the suspended phase, or 

(b) precipitation of the bubbles onto the suspended phase, a process of nucleation. 

(ii) Trapping of rising gas bubbles in a floc structure. 

(iii) Absorption of gas bubbles into a floc structure as it is formed.   
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Favorable flotation condition for bubble attachment or adhesion to particle requires a reduction of 

charge of particle and production of hydrophobic particle or hydrophobic spots on particle 

surfaces.  

 

Once an attachment of the bubble to the particle is established, the hydrocarbon 'tails' of the 

molecules, which have little affinity for water, can penetrate the air/water interface of adjacent 

bubbles. Bridging thus occurs between the suspended particles and the bubbles. The forces 

involved are sufficiently strong to permit particle flotation.  

 

The two parts of the DAF tank are reaction and separation zones. The reaction zone allows the 

bubbles to contact particles present in water, and cause the floc formed to rise to the surface of the 

water. In the separation zone, complete suspension of floc particle rises to the surface of the water 

along with bubbles that do not attach to any floc. The surface layer thus formed is known as the 

floc layer which is removed by scraping.  

 

Dissolve air flotation (DAF) is the most widely used where materials to be removed have lower 

density compared to water. Oil, fat, grease, fibers, and VOCs are naturally lighter than water and 

can be removed by this technique. Mundi & Zytner (2015) used DAF and centrifuge to remove 

solids, About 36 treatment plants that produce potable water from surface water in Finland use 

DAF as a suitable method in humic water treatment (Heinanen, 1995). The DAF operations control 

parameters are air/solid ratio, air saturation criteria, and recycle flow quality and quantity.  DAF 

can be effective even at 4ºC (Edzwald, 2007). 
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In process application, DAF should not be considered as a separate process, but integrated with 

the overall water treatment process (Edzwald, 2007). Coagulation and flocculation as also 

destabilize the colloidal particle suspension present in the wastewater effluent, specifically to 

destabilize the suspension of organics in the solution and can also be used in conjunction with 

DAF (Edzwald, 2011, 2007), In such cases, the optimum coagulation conditions are necessary. 

Aluminum Sulfate (Alum -Al2(SO4)3, 24H2O)) and Ferric Chloride (FeCl3) are the two effective 

coagulants widely used in water treatments. Over 90% of organic (Humic) removal was reported 

by applying 20 mg/L dosages of each of Alum or FeCl3, at pH 7 treating pulp wastewater (Hong 

et al., 2003). Zabel (1985), used coagulation-flocculation and air flotation system for potable water 

production by effective treatment of Algae-laden high colored source water.   

 

Alternatively, organic coagulants could be an option. Liang, C. (2013) reported a 79% and 86 % 

reduction of turbidity using organic and inorganic coagulants, respectively, from washing water of 

lettuce and spinach.  

 

Electrocoagulation is considered as one of the acceptable technologies to treat effluent prior to RO 

feed. Kara, (2013) achieved a significant reduction of COD, color, and turbidity from transport 

container washing wastewater utilizing electrocoagulation. Almost similar results were reported 

by Chopra, et al., (2013).  

 

2.8.2 Ozone oxidation 

To address organic issues in water, ozonation or advanced oxidation processes (AOP) were applied 

by many researchers since decades (Andreozzi et al., 2003a; Andreozzi et al., 2003b; Buffle et al., 

2006; Burleson et al., 1979; Calvosa et al., 1991; Dodd et al, 2006; Farooq et al., 1977; Ikehata et 
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al., 2006; Lee et al., 2007). Oller et al., (2011), searched and discussed a widespread application 

of AOP in successful reduction or transformation of organics. Jasim, et al., (2012) found well 

management of THM (trihalomethane) (below 20 and 60 µg/L), far below Ontario standards by 

using advanced oxidation, which happened by the transformation of organic into a non-reactive 

format not to generate DBP (disinfection by products). Several Ontario drinking water plants are 

using ozone in the management of their DBP. Ternes et al. (2002), reported over 90% removal of 

carbamazepine and diclofenac from natural water applying 0.5 mg/L ozone.  

 

Wilinski & Naumczyk (2012), used dissolved air flotation as well as dissolved ozone flotation in 

the treatment of Algal colored source water. Liu et al., 2010, used a combination of the coagulation 

and ozonation processes as the pre-treatment of landfill leachate. In the coagulation process, air 

microbubble flotation reduced the coagulant dosage. Removal efficiencies of chemical oxygen 

demand (COD), color, nitrate, and ammonia for the coagulation microbubble flotation were 97, 

20, 47, and 163% higher, respectively than those of the coagulation-sedimentation process alone. 

Significantly more improved removal efficiencies of ammonia and COD in microbubble ozonation 

were reported to be increased about 300 and 200%, respectively, compared to conventional 

ozonation, suggesting a high ozone transfer rate in the application of the microbubble technology 

in combination with coagulation and ozonation processes.  

 

The reactivity of molecular O3 depends on the structure of contaminants present in the targeted 

water. It is obvious that organic functional groups will respond to reactant on the 1st. Such as olefin 

with unsaturation will have the reactivity over unsubstituted aromatics. Generally, the electron-

donating group will improve the reaction rate, while the electron-withdrawing group decreases the 
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reaction rate (Snyder et al., 2007b). A more detailed study on the mechanism of ozone reactivity 

dependence related to structural features of contaminants was conducted by Shahram et al., (2009). 

Also, the various operating condition suitable for contaminant transformation were also reported 

(Shahram et al., 2009). The removal efficiency of selected contaminants to about 99% was 

achieved. Summary of the study findings including structural degradation points of contaminants 

was as below: 

a) -NH2 Substituted Compounds (arrows indicate the O3 target points) 

 
 

 
 

Sulfamethoxazole   sulfamethazine  Sulfachloropyridazine 
 

b) Compound with Aliphatic Carbon-Carbon Double Bond C=C  

 

 
Carbamazepine 

 

 

c) Phenols   

      

Bisphenol A      Tetracycline 

d) Methoxy (OMe) Substituted Compounds 
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Naproxen  Indometacin   gemfibrozil  lincomycin 

 

Their experiments revealed that at high concentrations of TOC, 1 mg/L ozone could not transform 

the PPCPs as ozone is consumed by high TOC. In other conditions when TOC was lower, out of 

16 contaminants, most of them were removed or transformed by about 99%. Less reactive rigid 

contaminants’ transformation was at lower rates. Such contaminants, e.g., atrazine, need a higher 

degree of oxidation in support of the use of hydrogen peroxide along with ozone (Borikar, 2014). 

While UV is used as disinfection, H2O2 in the presence of UV produces OH● radical take part in 

oxidation (Borikar, D., 2014).  

H2O2 + hv (photon) → 2 OH● 

 

When ozone was used in water treatment, it reacted in two pathways: molecular and free radical -

OH● (Snyder et al., 2007b). In water, OH● radical and O3 ratio [OH●/O3] is approximately 10-8, 

while ozone reaction constant with organic compounds, kO3 is > 50 M-1S-1, revealed to have more 

reaction through molecular Ozone, the main pathway. However, short life OH● readily reacted 

with bicarbonate and NOM, leaving the rest of the organics for O3. 

 

2.8.3 Disinfection 

Disinfection would be the final step in recycling. Chlorine is a popular disinfectant for water, as it 

has been demonstrated to be effective in reducing bacterial and microorganism counts to a safe 
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level for human consumption. Due to its wide use, it is easily accessible at an inexpensive price 

relative to other methods of disinfection. However, due to the formation of carcinogenic 

disinfection by-product (DBP) in reaction with BDP precursors, the organic content in 

water/wastewater, its use has become a matter of reassessment before application. DBPs, 

trihalomethane (THM) and halo-acetic acid (HAA) are regulated in Ontario. Due to stringent 

regulatory issues, a trend of looking for alternate disinfection methods prevails. Moreover, chlorine 

produces wastewater that is high in biological oxygen demand (BOD) and is not considered for 

wastewater or wastewater MBR effluent.  

 

However, chlorine as hypochlorite or chlorine gas or in the form of chloramine is used in municipal 

water distribution systems for residual chlorine maintenance, and to promote a healthy supply of 

safe water, by not allowing bacteria to grow at minimum regulated the concentration of residual.  

In some parts of Europe, it is banned, and alternate disinfecting agents such as UV, hydrogen 

peroxide, ozone, and organic acid are used (Olmez & Kretzschmar, 2009).  Ozone can be safely 

used in drinking water treatment, and in Ontario, there are a couple of large municipal water 

treatment systems using ozone as disinfection. It can also be applied in direct food production 

(Khadre et al., 2001). As ozone is not pH-dependent and with no chance of BDPs formation, ozone 

is an ideal candidate for water reuse or reclamation processes.  

 

H2O2 is also considered the potential candidate, as it is cheap, easy to handle, and does not produce 

any toxics due to the highly soluble in water. H2O2 in conjunction with O3 as an advanced oxidation 

process (AOP) for may emerging contaminant removals, is a promising combination at present 

time for transformation rigid organics.   
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UV is a great alternative to chlorine, as it does not produce any BDPs or any other by-products. 

Its applicability in wastewater reuse is well achievable as it does not affect any products or 

machinery, rather maintains a favorable bacteriological quality of water.  UV reactivity is highly 

dependent on turbidity, requiring very clear water through efficient pre-treatment removing 

suspended solids and UV absorbing compounds (Gil et al., 2009).   

 

Luo, (2007) found that fresh cut produced wastewater reuse affects water quality and assist 

microbial after growth; while Gil et al. (2009), resolved such problems by standard or optimum 

dosing of disinfectants. 

 

2.8.4  Sorption   

Granular activated carbon (GAC) has been in use for decades in pressure or gravity filters for 

filtration of water pollutants including color from dye wastewater, textile wastewater, and surgery 

wastewater (Ayoob and Gupta 2007; Ghazi et al., 2013). Powdered activated carbon (PAC), 

another form of activated carbon, is generally used in activated sludge systems. The pollutant 

removal occurs in several steps including bulk solution transport, film diffusion transport, pore 

and surface transport, and sorption. The quantity of pollutants (sorbate) that can be uptaken by 

GAC (sorbent) depends on the concentration of pollutants in solution, pH, temperature and most 

importantly physical characteristics of GAC, including manufacturing source.  

 

The removal or reduction of macromolecular organic compounds covering TOC, NOM, COD, and 

BOD components from secondary effluent by absorption process is well reported (Hatt et al., 2013; 
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Abdesssemed & Nezzal, 2002; Shon et al., 2006; Haberkamp et al., 2007; Gur-Reznik et al., 2008; 

Filloux et al., 2012; Crittenden, et al., 1985, 1987a, 1987b and 2012). For decades it has been in 

use for the removal of a large variety of organic compounds including metals from wastewater 

leachate (Ghazi et al., 2013) and sorption of organic dye (Ayoob & Gupta, 2007). Sorption by 

GAC is claimed to remove about 80-90% dissolved organic matter (DOM) from secondary effluent 

to RO feed (Shon et al., 2004; Shon et al., 2006; and Filloux et al., 2012). Activated carbon (AC) 

sorption removes smaller organics as well as pharmaceutical organics (Jarusutthirak & Amy, 2006; 

Snyder et al., 2007a). 

 

Models for calculation and prediction of sorption capacity and frequency of sorption are 

approached or discussed mostly using natural water and NOM (natural organic material) data, but 

limited to site-specific numerous water parameter inputs, assumptions, and hypotheses. These 

models are rarely used outside of academia because predictions require accurate estimates of 

equilibrium sorption parameters and mass transfer coefficients (Sontheimer et al., 1988). Due to 

statistically based empirical predictions, the model proposed by Clark,  987a, Hooper, et al., 1996, 

and Bond & DiGiano 2004, has very limited practical use (Zachman and Summers, 2010). The 

review reveals that most of the models have data either from USEPA ICR (Information Collection 

Rules) database, or synthetic water bench experiments or similar experiments by others using 

natural water. In fact, site-specific nature of water and wastewater characteristics calls for 

parametric assessment at the site to obtain required parameters on GAC absorption and its site-

specific applications, an objective of the present study. 
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In the respect of methods of sorption, sorption is a physical phenomenon based on the surface 

area where molecules of organics (sorbate) are attracted either by van der Waals or intermolecular 

electrostatic forces between sorbate and sorbent (GAC) molecules or through pour filling 

mechanism where no forces are involved or present. Pore sizes (macropores around 50 nm, 

mesopores 2 ≤ d ≤ 50 nm, micropores <2 nm) in GAC are the determent of macro or micro-

molecule preferred sorbent. The dynamics behind the process is the hydrophobicity of sorbate. 

The comparative intensity of sorption onto different GAC depends on the individual properties 

of GAC materials such as area, iodine number, physical shape, density, porosity and presence of 

other ingredients promoting (or inhibiting) the process.  Similarly, the characteristics of soluble 

organics and solution matrix including molecular structure, hydrophobicity, charges, solution pH, 

temperature, and presence of contaminants are factors impacting the intensity of absorption.  

 

To evaluate and analyze the performance of sorption as well as sorption dynamics, equilibrium 

equations generally termed as sorption isotherms or models have been formatted and utilized. 

Equilibrium relations between the mass of solute (x) sorbed onto the surface of sorbent to the 

equilibrium concentration of the liquid phase (Ce) has been established. An isotherm is used to 

describe and analyze the relationship between the sorbed sorbate concentration onto GAC surface 

and sorbate remains in the solution at equilibrium at a given temperature. While GAC’s sorption 

capacity can be estimated from isotherm data. The sorption equilibrium capacity is calculated by 

using mass balance expression. The mathematical form of mostly used isotherms: the Freundlich 

and Langmuir, are discussed in Chapter 4. 

 



40 
 

2.8.5 Coagulation flocculation filtration 

The coagulation flocculation (C&F) precipitation is widely used in the water and wastewater 

industry for removal of colloidal and suspended solid particulates including some dissolved 

matters which should interact with coagulant added. The C&F is a process of charge (or polarity) 

neutralized precipitation, where positively charged coagulant metal hydrolyzed species interacts 

with negatively charged contaminants in water. Coagulation is achieved by adding various 

chemicals in terms of coagulants, coagulant aids or promoters suitable for the removal of 

macro/micro contaminants in water. The most widely used coagulants are aluminum and ferric 

salts. Polyelectrolytes are also used either as coagulant or coagulant aids. In some applications, 

coagulation-flocculation is applied in combination with settling (settler), floatation, clarification 

(clarifier), and sorption technique to enhance solid reduction and efficient separations including 

color reduction and aesthetic reason (taste and odor). 

 

Among the organic polymers, chitosan is well reported to be applied in various industrial 

wastewater applications. A reduction of turbidity and organic by about 90% was reported by Van 

Haute et al, (2015) while studied the reuse potential of post-harvest wash-water recycling. But, 

was not successful in removing any dissolved matters. In a review of several industrial wastewater 

chemical treatments, Sahu & Choudhary (2013) observed an increased reduction of suspended 

solid (90%) using coagulation, which without coagulation was only 35% on the settling of heavier 

suspensions. This is an obvious observation, well reported in literature.  
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2.8.6.   Enhanced Coagulation 

Enhanced coagulation is used as a regulated treatment strategy with the objectives of removing 

TOC to control DBPs (THM 80 ppb, HAA 60 ppb) in drinking water systems by the USEPA 

(Edzwald, & Tobiason, 1999).  The process of enhanced coagulation is considered to be based on 

two basic principles (1) negative charges of humic substances such as fulvic acid (FA) or similar 

organics satisfy with positively charged aluminum (Al) hydrolysis species and get precipitated, 

and (2) fulvic acid and aluminum species charge neutralized complex is formed followed by 

sorption of fulvic acid/humic substances on aluminum hydroxide solids (amorphous). The 1st 

process is charge neutralization and coagulation, and the 2nd principle is a sorption process, which 

was considered as a venue for the present study in the removal of dissolved organic matters from 

MBR effluent, and optimum coagulation criteria to be selected by jar testing.  

 

The basic objectives are multi-purposes such as reduction of TOC, turbidity, particulates including 

residual coagulant. The recommendation was to coagulate at a lower pH (5.5), which leads to 

increased residual Al in the effluent. Aquatic fluvic acid (AFA) is considered as a model for NOM, 

which was considered as SMP components in the review while considering the study as a venue. 

So, the synonyms used interchangeably. Basically, the effectiveness of enhanced coagulation 

depends on DOC concentration, types of NOM, types of coagulant, its dosage rate, and pH.  

 

Optimum conditions of dosage and pH are essential to achieve maximum removal of TOC, 

particulates, and turbidity with a minimum residual coagulant. Alum (coagulant) dose would be 

selected based on TOC removal at a pH range of 6-7 depending on temperature.  Cationic polymer 
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aids showed improved performance at lower coagulant dose, with higher TOC removal and low 

sludge production elsewhere at a full-scale plant (BHC, Bridgeport, Connecticut).  

 

In jar testing, TOC removal is required to analyze after settling, to determine coagulant dosages. 

Enhanced coagulation could have secondary effects (Carlson, 2000) which were suggested to 

review during the establishment of an optimal condition without any secondary effects. To 

determine alum solubility, equilibrium with gibbsite and amorphous solubility diagram suggested 

in literature was recommended.  Langmuir-based semi-empirical models to predict TOC removal 

during alum and ferric enhanced coagulation was recommended as well (Edwards, 1997).  

 

Effectiveness of the process of enhanced coagulation depends on many factors including waster 

organics concentration and characteristics of organics to be removed, types of coagulant used, its 

dosage rate, operation pH, temperature and presence of interfering radicals. For alum coagulant, 

an incremental dose of 10 mg/L was suggested to apply with TOC measurement for raw and settled 

water. When an additional 10 mg/L alum (or equivalent FeCl3) does not decrease the TOC by at 

least 0.3 mg/L or the settled water SUVA is <2, the alternate TOC removal criteria determining 

alum dosage was suggested.  

 

At lower pH (5.5) and alkalinity (<60 mg/L), it may result in down-stream poor solid-liquid 

separation and residual aluminum problems. To address those issues, optimum conditions of 

dosage and pH to achieve maximum removal of TOC, particle, and turbidity were suggested to 

follow during jar testing (or pilot studies). At pH 6 (25°C) and pH 6.8 (4ºC), aluminum solubility 

is the least. Experiments are to follow this range of pH controls for enhanced coagulation. For high 

humic concentrations, coagulation at lower pH formed good floc, which fit well at present 
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conditions of high DOM (humic) in the MBR effluent. But it is not desirable to maximize NOM 

removal sacrificing turbidity, as turbidity reduction is an important parameter for RO feed. 

Economic use of dual coagulation (alum and cationic polymer) is reported to be applicable to 

obtain improved turbidity.  

 

In light of the above discussed conditions, once the optimum removal requirement is determined 

by bench-scale testing, semi-pilot operations should be run. Down-stream filtration could provide 

some additional removal of TOC beyond that achieved in the jar tests coagulation. It may be 

included as part of the enhanced coagulation process. Settling performance could be determined 

by using turbidity along with TOC measurements during semi pilot operations. 

 

As mentioned earlier, enhanced coagulation involves secondary effects to be taken care of during 

jar testing. Several secondary effects as discussed in literature are (i) inorganic contaminants, (ii) 

primary disinfection, (iii) pathogen particle.  

 

Enhanced coagulation can affect the control of certain inorganic contaminants such as manganese 

(Mn), aluminum (Al), sulfate, chloride (Cl), sodium (Na) and corrosion products. It originates 

either from high dosed coagulant (Ferric) impurities or poor oxidation at lower pH (<6.2) during 

enhanced coagulation. If Mn is pre-oxidized before enhanced coagulation, it may not be affected. 

But co-oxidation and coagulation results in poor oxidation process, which generally happens if Cl2 

or KMnO4 oxidants are used, as their contact times are higher (15 min to 4 h), which was not 

expected in the present study with no oxidation. However, in the case of ClO2 or O3 oxidation pre-

oxidation occurs but no effects were reported (Bellamy, & Carlson, 2000).  
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Primary disinfection as was not considered for the present study, its impact consideration would 

be an optional review at this stage. Pathogen shielding particle, in terms of turbidity, was 

considered. 

 

Enhanced coagulation brings changes in several ways. The coagulant condition changes the 

density and fragility of the floc, which can result in floc carryover to filters, destabilizing the 

clarifier and increase the settled water turbidity. These conditions are established without 

considering particle removal, only TOC removal. This causes the pH to decrease and increases the 

dosage, which may increase the turbidity slightly. 

 

Suggested remedial measures of turbidity issues were (i) optimize the coagulation process and pH, 

(ii) appropriate coagulant and polymers, (iii) modify clarification to increase its capacity relating 

water quality objectives. Measure the turbidity in all steps to assess improvements and add filter 

aids if results are unacceptable.  

 

To assess the performance of enhanced coagulation mathematically and to compare theoretical and 

actual data, Edwards (1997) suggested 3 equations. To predict DOC removal during enhanced 

coagulation through coagulant sorbent surface, which is proportional to coagulant dosage, those 

equations can be utilized as follows: 

 

1) Fraction non-sorb able DOC  = K1*(SUVA)raw water + K2        

2) Sorb able DOC (mg/L) = (1 – fraction of non-sorb able DOC)* DOCraw water (mg/L) 
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3) Langmuir equation of sorption removal calculation 

𝑥

𝑀
=

𝑎𝑏 [𝐶]𝑒𝑞

1 + 𝑏[𝐶]𝑒𝑞
 

 

where, 

 in equations (1), (2) and (3), 

X = DOC removed by coagulant 

M = Al+3 coagulant added and solid OH formed (m moles/L) 

 a = x3pH + x2pH + x1pH    ( a is max. DOC sorption mg DOC/mM Al+3 )                 (4) 

 b = sorption constant (L/mg DOC) 

[C]eq = sorbable DOC in solution at equilibrium (mg/L) 

K1, K2, x3, x2 and x1 are empirical fitting constants. Now if those constant values are known, 

[C]eq can be calculated.  

Values of the above fitting constants are provided in the literature at different conditions. 

 

Plugging the experimental dosing rate, TOC concentration, and source water SUVA values in 

equations (1), (2) and (3), the required parameters can be calculated at different pH, TOC removals, 

residual aluminum concentrations and sludge quantity formed in a coagulation operation.  

 

A trend of lower “a” value at higher pH and vice versa was verified by Marc Edwards, (1997).  

Site-specific conditions and alum dosage proportional to DOC removal was also indicated.  

Literature reported that coagulants having different acidity, the more acidic one provides 

performance preference over lower acidic one, supporting the higher DOC removal at lower pH. 
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Edward & Tobiason, (1999) reported that the negative charge associated with the NOM/TOC 

creates a coagulant demand. Aluminum hydrolysis results in positively charged Al species, which 

react and neutralize charges on NOM. At lower pH (5.5) aluminum species with higher charges 

(Al+3, Al+2) predominate and neutralize NOM charges, thus remove more DOC. DOC is reported 

to composes 90-99% of TOC.  It was also indicated that hydrolysis species charge at pH 5.5 is of 

1.5 (Al (OH)1.5
+1.5), is reduced to 0.5 (Al (OH)2.5 

+0.5) at pH 6.5, supporting the result of higher 

removal at lower pH of 6. 

 

2.9 Literature review summary and research strategy 

The literature review reveals that fruit processing MBR effluent contains both biotas generated 

SMP from the natural environment and wastewater MBR microbial metabolized SMP. They are 

micromolecular in size, inert in nature, already by-passed biological treatment process, non-polar 

DOM while crossed the 0.04 µ UF scaping filtration separation. These types of contaminants are 

site and condition-specific, not encountered in earlier researches and consequently, no 

straightforward directions or treatment suggestions are existing in literature.  

 

Works on coagulation removal of macromolecular organic compounds, which are attributed under 

the charge neutralization, flocculation, and coagulation of suspended turbid materials are reported 

by many researchers. As the SMP generated DOM are inert dissolved micro-molecules, those 

processes do not seem to be appropriate for SMP DOM removal. Hyperfiltration removal of similar 

contaminants are reported, but in the present study, SMP DOM originated contaminants were 

blocking the RO permeation hindering the water recycle operations, which is to be solved as 
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desired by project objectives.  Being inert in nature, chemical treatment to DOM is not a logical 

approach except advanced oxidation. Advanced oxidation, although applied by some workers in 

the reduction of DBP (disinfection byproducts) and inactivation of pharmaceuticals in natural 

surface water, is not a removal process but a structural transformation of organic compounds. To 

change the property by transforming into unharmful structure oxidation was successful. Such as 

chlorine will not form trihalomethane (i.e., DBP) if halogen reactive site is transformed by 

oxidation in an organic compound. In the present study, complete removal of RO foulant as DOM 

is required, and advanced oxidation will not be a suitable one for this job. Dissolved air flotation 

(DAF) is reported to be successful in removing lighter suspended organics, while in absence of 

any suspended particles, the DAF seems to be not appropriate at this stage.  

 

As the SMP DOM are nonpolar hydrophobic micro-molecules, sorption of similar materials onto 

solid or amorphous surfaces could be a potential solution for their removal and was considered to 

include in research strategy. Literature reveals GAC sorption is successful in removal of 

micromolecular TOC from water sample (Hatt et al., 2013; Abdesssemed & Nezzal, 2002; Shon 

et al., 2006; Haberkamp et al., 2007; Gur-Reznik et al., 2008; Filloux et al., 2012; Crittenden et 

al., 1987a, 1987b, 2012). Enhanced coagulation for the removal of part of natural organic matters 

from surface water is discussed with limitations. Maximum removal from a low NOM (8 mg/L) 

water could be about 35% of suspended colloidal (macromolecular) NOM, while removal for 

dissolved inert micro-molecules is not clear.  

 

It is assumed some part of micro-molecules might sorb. This assumption would depend on the 

presence of the sorb-able portion of SMP DOM in the water sample. Formation of soluble complex 
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with sorb-able TOC (NOM) remained in equilibrium with the rest of the TOC and are predicted to 

promote further sorption onto coagulant hydrated species. However, the partial claim on the 

reduction of NOM in natural water was decided to evaluate further in present research with MBR 

effluent water in parallel to GAC sorption.  

 

RO process and its applications are reported well, but no MBR-RO integration in tertiary treatment 

of fruits wastewater is observed. Only, several municipal and bench-scale combinations are 

observed. Membrane fouling, foulants analysis, and surface characterization are well reported in 

various sectors, but no such work exists with fruits wastewater MBR effluent and RO operations. 

For RO surface foulant characterization, SEM-EDX, FTIR, and chemical analyses were planned.  

The surface visual investigation, photographs, micrographs, and contact angle measurement was 

planned to characterize the surface property. Membrane performance restoration and on-line 

management were planned along with preservation restoration of a used membrane which would 

provide additional safety to IP membranes. 
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Chapter 3: Enhanced coagulation dynamics in reduction of soluble microbial 

products from fruits wastewater MBR effluent  

 

Chapter 3 covers the approaches in the reduction of soluble microbial products (SMP) from fruit 

processing wastewater membrane bioreactor (MBR) effluent using enhanced coagulation. The 

dynamics of coagulation performances in removing SMP components were assessed by using 

developed standard curves and equations correlating SMP components (protein, humic substance, 

and carbohydrates) with TOC. Evaluation by jar testing experiments revealed variable removals 

of 50%, 35%, and 20%, from synthetic, bench-scale and actual effluents, respectively. The removal 

differences from different effluents were attributed to the variations of macromolecular SMP 

concentrations in different effluents. In the actual MBR effluent, micromolecular SMP as 

dissolved organic matters (DOM) prevailed, which did not respond well to coagulation. The DOM 

removal results suggested that enhanced coagulation alone would not be the best management 

practice for targeted >95% DOM removal from actual MBR effluent.   

 

3.1 Background  

The terms DOM and TOC are almost indicating the same, except in the case of TOC both dissolved 

and suspended TOC particulates are covered, while DOM does not contain any suspended 

particulates. A major part of TOC are dissolved organics, and the methods of TOC removal by 

enhanced coagulation were considered for the removal of DOM from MBR effluent. Natural 

organic matter and fulvic acid are related to the natural biopolymeric TOC in natural water, while 

DOM is in the MBR effluent. As a research strategy, the term TOC removal is considered to cover 

all categories of biopolymers present in the MBR effluent.  
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Total organic carbon, as an indicator of natural organic matters (NOM), respond well when treated 

with aluminum and iron salts as coagulants (Sillanpaa et al., 2018; Ng et al., 2018; Crittenden et 

al., 2012;  Kueseng et al., 2009; Van & Edzwald, 1990; Randtke, 1988; Dempsey et al., 1984; 

Stumn & Morgan, 1962). Alum [Al2(SO4)3 14 H2O and Al2(SO4)3 18H2O] was used in the 

majority of the coagulation work. Several investigators compared the relative effectiveness of 

aluminum and iron salts in removing organics.  

 

Aluminum may have an advantage over iron salts at pH 5-6, where soluble species in equilibrium 

with the hydroxide are higher for aluminum (Sillanpa et al., 2018). Coagulation reaction between 

natural color and coagulant was reported earlier (Black et al., 1963), where ferric chloride was 

found to be comparatively effective in the treatment of water having natural color. Poly aluminum 

chloride and cationic polymers were also reported to be effective in this respect (Ng et al, 2018; 

Aziz et al., 2009; Van & Edzwald, 1990). The use of cationic as well as anionic and non-ionic 

polymers was proven to form settleable floc by increasing the size of flocs and helping in quick 

coagulation in enhanced coagulation. On the other hand, TOC removal by many of the organic 

polymers did not prove to be successful, rather increased the TOC level in concerned water 

(AWWARF, 1989). Two mechanisms were reported to be considered for alum coagulation of 

TOC/NOM (Van & Edzwald, 1990; Dempsey et al., 1984; Stumn & Morgan, 1962), which are the 

same two steps in enhanced coagulation (USEPA). First step is charge neutralization and 

coagulation of macromolecular (larger) organics molecules containing polarities, while non-polar 

micro-molecular (smaller) parts involve a second step for complex sorption mechanism.  The focus 

of the present study is on step 2, the complex sorption due to the presence of micromolecular DOM 

in MBR effluent.    
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The literature revealed limited or no industrial fruit processing wastewater MBR effluent that 

involves dissolved organic matter removal. There is a wide data gap in the treatment of SMP DOM 

from fruit wastewater processing MBR. The intent of this review is to search for a treatment for 

the removal of variable DOM concentrations, where DOM/DOC, NOM, or color comprise the 

bulk of coagulant demand (Edzwald & Tobiason, 1999; Owen et al., 1993). So, enhanced 

coagulation is a candidate for the job. 

 

3.2 Overview and research approach 

Biopolymers in SMP are mainly humic substances carbohydrates and protein types materials or 

their isomers or derivatives. In general, the amount of water suspended solid, size and ionic 

properties must be the strategy for its treatment. However, suspended materials are not present in 

MBR effluent. Consequently, conventional treatment methods are irrelevant. The techniques of 

organic removal involve sorption, coagulation, and oxidation, where oxidation is a transformation 

technique and coagulation are mostly based on charge neutralization agglomeration sedimentation, 

which is not quite fit for the removal of nonpolar DOM. Amorphous sorption based enhanced 

coagulation is left as a venue for DOM removal at this stage.      

 

In the coagulation of larger molecules of TOC compounds, alum together with ferric chloride can 

be used (Shon et al., 2007; Jarusutthirak & Amy 2006). Upon addition of alum, multiple reaction 

pathways are possible: coordination between aluminum and inorganic and organic legends (humic 

materials) can occur along with aluminum monomers and polymers and Al (OH)3 (s) depending 

on pH (Van & Edzwald   1990).  Interaction of aluminum hydrolyzed product with DOM also 
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depends on pH.  Some researchers predicted that dissolved organic matters can be removed by 

sorption on aluminum precipitates (Van & Edzwald, 1990).  Hydrolytic reactions of aluminum 

were used by several investigators to explain the coagulation mechanisms of humic substances 

(Mangravite et al., 1975; Dempsey et al., 1984; Edwards & Amirtarajah, 1985; Hunt & O’Melia, 

1988), but none were free from predictions.   

 

Within the sphere of assumption and predictions, the objectives of the application of enhanced 

coagulation were to reduce DOM along with turbidity, particulates and residual aluminum 

coagulant. Formation of soluble complex and subsequent sorption of sorb-able organics or humic 

substances at equilibrium with the soluble complex formed and finally form a solid precipitate. A 

simplified mechanism of such precipitation (step 2) is shown in Figure 3.1 along with enhanced 

coagulation step 1.  

 

Step 1: Charge satisfied precipitation 

 

Al(OH)n 
3-n +  Humic -x  → Al(OH)n Humic            →Al(OH)nHumic (s) 

    (soluble complex) 

 

Step 2: Sorption of humics on charge neutralized complex and vice versa  

 

Al(OH)n 
3-n +  Humic -x  → Al(OH)n Humic        →Al(OH)nHumic Al(OH)3 (s) 

    (soluble complex)     (sorption-precipitation) 
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Figure 3. 1: Predicted sorption of sorb able humic on aluminum hydroxide 

 

The sorption maybe vice versa either complex is sorb onto aluminum hydroxide [(AL(OH)3 (s)] 

or additional sorb-able humic substances sorb onto complex thus formed earlier and get 

precipitated.  According to the solubility diagram, coagulation would be at a lower pH (5.5), which 

might lead to increased residual aluminum in the effluent, to be taken into consideration.  

 

3.3 Methodology 

Experiments were conducted using inorganic and organic coagulants and aids. Three aluminum-

containing coagulants including Poly Aluminum Chloride (PACL), Aluminum Sulphate (alum), 

and aluminum chloride hydroxide (ULTRION 8187) along with an iron coagulant (Ferric chloride) 

were evaluated. Economic use of dual coagulation (alum and cationic polymer) is reported to be 

applicable and poly aluminum chloride and cationic polymers were also reported to be effective 

(Ng et al, 2018; Aziz, et al., 2009; Van & Edzwald, 1990). Cationic as well as anionic and non-

ionic polymers formed settleable floc by increasing the floc size. To capture all those facts, four 

polymers were evaluated including Chitosan (from Shrimp shells, a deacetylated chitin), diallyl 
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dimethyl ammonium chloride (Poly DADMAC), Poly-Glu- water treatment agent (PG α21Ca), 

and Core-Shell (polymeric latex flocculant).  

 

Optimum coagulant and coagulant dosage were determined running individual coagulation 

experiments using jar tester with synthetic effluents, which were prepared at lab adding different 

chemicals to mimic the characteristics of actual MBR effluent. The SMP components added for 

synthetic effluent were humic acid Na salt as humic substance, dextrose as carbohydrates and 

bovine serum albumin (BSA) as protein. Table 3.1 lists a summary of the chemicals used in 

synthetic effluent. The Jar testing was conducted maintaining a 1-minute rapid mixing of added 

coagulant/s immediately, followed by 30 minutes slow mixing and 30 minutes settling. 

Coagulation effectiveness was measured by analyzing settled effluent. 

 

Table 3. 1: Chemicals for the synthetic effluent preparation 

SMP Components Inorganic chemicals 

Name Range 

(mg/L) 

Name Range 

(mg/L) 

Bovine Serum Albumin (BSA)- Sigma 

Humic acid  (HA) - Aldrih 

Humic acid, sodium salt - Aldrich 

D (+) lactose monohydrate – FS 

Dextose (D-Glucose) 

Dextran, (leuconosioc SPP)-Sigma 

 

3-10 

40-70 

 

15-40 

MgSO4 (magnesium sulfate) 

CaSO4 (calcium sulfate) 

NaHCO3 (sodium bicarbonate) 

CaCl2 (calcium chloride) 

KCl (potassium chloride) 

K3PO4 (potassium phosphate) 

NaCl (sodium chloride) 

60-125 

60-96 

96-98 

24-40 

4-16 

46-50 

1500 
Note: FS =Fisher Scientific 

 
 

Effluents from bench-scale MBR were also evaluated applying enhanced coagulation in jar testing. 

Bench-scale MBR was run on synthetic wastewater influent prepared at the lab from fresh apple 

cut blends procured from the local market. Characteristics of blended wastewater product were 

adjusted to approximately match with actual wastewater influent at industrial partner’s site.  
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Experiments with actual MBR effluents were conducted collecting the effluent directly from the 

site and applying immediate after collection in enhanced coagulation experiments. Equipment 

sequences are shown in Appendix E1. 

 

3.4:  Results and discussions 

Enhanced coagulation experiments were conducted, as outlined in the methodology section, 

starting with synthetic effluent followed by bench-scale effluent and actual MBR effluent.  

 

3.4.1: Synthetic effluent 

Responses of different SMP components to enhanced coagulation (EnC) were evaluated. Table 

3.2 shows the analytical results of two synthetic effluents, which revealed that sodium salt of humic 

acid in the solution provided significantly lower turbidity (4.3 NTU) when compared to humic 

acid (15.38 NTU), when synthetic effluents were prepared using each of them separately. After 

the addition of the same coagulant dosage, the pH of the solution dropped substantially, from an 

initial 7 to about 4 in both the cases. The different turbidites suggested that compared to humic 

acid salt, the humic acid was more hydrophobic, causing it to remain in suspension without 

dissolving and contributed to turbidity increase.  

 

The removal of TOC from Eff.#2 was high (80%) compared to Eff. #1 (52%), Table 3.2. The same 

was the case with turbidity reduction, high reduction (82%) in the case of Eff. #2 compared to Eff. 

#1 (69%). Glucose dissolved well in Eff. #1, but TOC generated by glucose was difficult to remove 

(only 7-10% removed), which is reflected in lower TOC reduction (52%) from Eff.#1. Protein 
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(BSA) behaved almost similarly as glucose (carbohydrates). (Standards curves and equations used 

for the estimation of individual SMP components are shown in Appendix 3A.) 

 

Table 3.2: Response of individual SMP component to coagulation 

 

 Turbidity 

NTU 

TOC 

mg/L 

*TC 

mg/L 

*IC 

mg/L 

TOC removal 

% 

pH Turbidity reduction 

% 

Eff.#1 4.3 40 45.6 0.82 - 7.56  

Coagulated 1.34 21 21.9 0.2 52 4.18 69 

Eff.#2 15.38 21.5 24.1 0.84  7.44  

Coagulated 2.84 4.2 4.66 0.17 80 3.92 82 

Preparation: Eff.#1= Humic acid sodium salt 70 mg/L + carbohydrates 45 mg/L; Eff.#2 = humic acid 70 mg/L 

Coagulants: aluminum sulfate 50 mg/L, ferric chloride 40 mg/L and Chitosan 20 mg/L, respectively  
*TC= total carbon, IC= inorganic carbon 

 

It concluded that both protein and carbohydrates are difficult to remove by enhanced coagulation. 

Also, the characteristics of the two humic substances were completely different, and their response 

to enhanced coagulation suggested that EnC is dependent on contaminant type and concentrations.  

 

A series of enhanced coagulation were conducted at different dosages of coagulants. Table 3.3 

summarizes some of the observations using aluminum sulfate coagulant. From the rates of 

aluminum sulfate dosing, it reveals that a dosage around 60 mg/L provided maximum organic 

sorption along with lower turbidity and inorganic carbon (IC), while effluent TOC reduction 

ranged from 40-50 mg/L (Table 3.3). In earlier experiments, lower than 60 mg/L dosage gave 

better performance with lower effluent TOC content. A greater reduction of turbidity on a later 

date was also observed, which suggested that an optimum flocculant can assist in quick coagulation 

by forming larger flocs. With higher coagulant dosage (above 60 mg/L), it increases the turbidity 
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without any change in TOC removal. This observation could be attributed to a high dosage 

enhanced dissolution of aluminum at lower pH increasing residual aluminum.  

 

Table 3. 3: Enhanced coagulation at different dosage of aluminum sulfate 

Aluminum sulfate 40 mg/L 60 mg/L 80 mg/L 100 mg/L 120 mg/L Effluent 

pH* 4.66 4.53 4.5 4.46 4.42 6.68 

T °C 20 20 19.9 20 20 19.8 

TOC 19.96 20.25 20.16 20.57 20.16 40.13 

% TOC removal 50 50 50 49 50  

TC 20.11 20.42 20.3 20.7 20.37 47.58 

IC 0.15 0.17 0.14 0.13 0.21 1.44 

NTU 0.49 0.46 0.84 0.96 1.11 10 

* pH adjusted to 6, and chitosan dose 20 mg/L in all cases; 

Effluent components are humic acid 60 mg/L, carbohydrates 45 mg/L, protein 10 mg/L along with inorganic 

salts 

 

Experiments to find out the optimum dosage of aluminum sulfate and pH at lower TOC (16.36 

mg/L) using humic-Na salt in place of humic acid revealed the same results. Appendix 3B shows 

more similar experiments.  The results concluded that at lower aluminum sulfate dosage (40 and 

60 mg/L) where pH was around 6, both turbidity and TOC reduction was the highest using lower 

TOC effluent. There was a suspension of overdosed aluminum sulfate in cases of 80, 100 and 120 

mg/L dosages, resulting in increased turbidity and reduced TOC removal performance compared 

to 60 mg/L dosage.  

 

3.4.2 Bench scale MBR effluent 

Dynamics of enhanced coagulation were evaluated using bench-scale MBR effluent to assess its 

response to coagulation and compare it with synthetic and actual effluent. As was reported (IP 
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representative) operational changes between apple and pear, effluents of bench-scale apple and 

pear were evaluated as shown in Table 3.4. The observed UV absorption (Table 3.4) by the effluent 

from bench-scale MBR operated with apple and pear wastewater influents revealed aromaticity 

variation in both cases.  

Table 3. 4: Enhanced coagulation of bench scale MBR effluents 

 

 UV abs.  

cm-1 

pH Fluids UV abs.  

cm-1 

UVA reduction 

% 

Turbidity 

NTU 

Apple effluent 0.39 8.8 Coagulated apple 

effluent 

0.18 54% 3.27 

Pear effluent 0.19 7.9 Coagulated pear 

effluent 

0.20 none 1.00 

Coagulants dosage: aluminum sulfate 50 mg/L, ferric chloride 40 mg/L and chitosan 40 mg/L 

 

Apple influent operated MBR effluent showed higher UVA (0.39) compared to pear UVA (0.19), 

which indicated a higher range of aromaticity in apple effluent compared to the pear. The result 

showed that apple MBR effluent contains more humic substances when compared to pear effluent.  

A substantial reduction of UVA (about 54%) from apple effluent was observed by enhanced 

coagulation along with a reduction of TOC (35%) at pH 6.5 (Table 3.4). Lower pH (7.9) in the 

case of pear effluent was attributed to the presence of uronic acid, which has terminal carbon of 

sugar structure oxidized to -COOH (carboxylic acid).  Higher aromatics and turbidity revealed 

minor colloidal suspensions in the case of apple effluent.  

 

A series of 5 enhanced coagulation experiments (Exp.#1 to Exp. #5) using bench-scale MBR 

effluent were conducted dosing with aluminum sulfate and ferric chloride coagulants, while 

chitosan as an aid at varied dosage and pH as shown in Table 3.5 and Figure 3.2. 
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Table 3. 5: Coagulation dynamics at different pH and coagulant dosages using bench scale MBR 

effluent 

 

Exp. # Effluent 

TOC 

mg/L 

Coagulated 

TOC  

mg/L 

TOC 

removal 

% 

Aluminum 

sulfate 

mg/L 

Ferric 

chloride 

mg/L 

Chitosan 

mg/L 

pH 

1 17.07 10.06 41.07 20 20 20 6.7 

2 17.07 11.6 32.04 60 60 40 8.6 

3 17.07 10.06 41.07 30 30 25  

4 35.7 16.71 53.19 60 45 20 6.6 

5 32.86 21.56 34.39 60 - 20 6.86 

 

 

Figure 3. 2: Removal of TOC from bench scale MBR effluent at different coagulant dosage 

 

Results revealed that pH between 6-7 worked well with higher removal of TOC from MBR 

effluent. While at higher pH (8.6) performance was poor, as can be seen in Table 3.5 and Figure 

3.2 (Exp. # 2).  Trial of coagulation without ferric chloride (Exp. # 5) revealed a reduction of 

TOC removal, from 53.19% (with ferric chloride) to 34.39% (without ferric chloride), which 
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suggested the need of ferric chloride along with aluminum sulfate in enhanced coagulation of 

MBR effluent. By using post-DAF, no TOC reduction was observed, but a slight reduction of 

inorganic carbon was indicated without any significance. Comparison of the Exp. #1 and Exp. #3 

reveal that an increase of coagulant dosage above an optimum level resulted without any 

improvements, rather it adversely increased the turbidity of coagulated effluent from 1.3 to 1.8 

NTU, as observed earlier in case of synthetic effluent.  

 

MBR effluent samples were not stable, and as such analysis and measurements had to be 

completed within 15 hours of experiments. In all the samples, the calcium content of the effluent 

sample was below the threshold concentration of 1 mM/L (Shen et al., 2013). The calcium 

secondary effects interfering subsequent operations including RO fouling was not shown to be an 

issue with pretreated effluent. Coagulation and filtration would remove major calcium content in 

MBR effluent.  Additional data may be seen in Appendix 3C. 

 

3.4.3 Actual MBR effluent  

Actual MBR effluents were collected from the industrial partner and properly preserved by adding 

sodium-azide prior to transferring to the engineering lab. As the actual MBR effluent passed 

through 0.04 µ MBR UF filtration at MBR secondary biological processes, the turbidity (0.11 

NTU) and TSS (15 mg/L) were within the limits of RO feed specifications. The only concern was 

TOC, which was termed as DOM (dissolved organic matters) in the absence of any suspended or 

colloidal particulates, all organics were considered to be in the dissolved state. Reduction of high 

color (>18 Pt-Co) was also a venue along with TOC reduction. The two variables that must be 
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controlled are coagulation pH and dosage of aluminum sulfate (or /ferric chloride), both of which 

can be predicted from the color of raw water. 

 

Coagulation experiments with synthetic effluent as discussed earlier (Tables 3.3) suggested that 

aluminum sulfate at a lower dosage of about 50- 60 mg/L and pH 6 is the optimum condition for 

enhanced coagulation. At these conditions, both the turbidity and TOC reduction was the highest. 

The effluent TOC was 40 mg/L, and the lowest TOC was about 16 mg/L. A similar range of dosage 

was decided for actual MBR effluent. As the actual effluent DOM was about 96 mg/L, the 

aluminum sulfate dosage would be slightly higher or the same in addition to FeCl3. 

 

Experiments using actual MBR effluent were conducted dosing different coagulants including 

chitosan as an aid. The summary of completed experiments revealed that aluminum sulfate (65 

mg/L) and ferric chloride (50 mg/L) along with chitosan (<40 mg/L) at PH 6.2 were the optimal 

conditions and best management practice for handling actual MBR effluent by enhanced 

coagulation.  Selected dosage at the final test run with an actual MBR effluent DOM contents of 

96 mg/L (initial DOM of 80 mg/L increased to 96 mg/L after a week) is shown in Table 3.6. 

Enhanced coagulation reduced the inorganic carbon and color from 227 mg/L and 19 Pt-Co to 78 

mg/L and 7 Pt-Co, respectively, while TOC was reduced about 20% from 96 mg/L to 76 mg/L.  

 

Table 3. 6: Results of enhanced coagulation using actual MBR effluent 

 TOC  

mg/L 

Total carbon  

mg/L 

Inorganic 

carbon   

mg/L 

Turbidity 

NTU 

pH Color 

Pt-Co 

DOM removal 

% 

Actual MBR effluent 96 377 277   19  

Coagulated effluent 76.87 155.1 78.25 0.7 6.03 7 20 

Coagulants: aluminum sulfate 65 mg/L, ferric chloride 50 mg/L and chitosan 38 mg/L 
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Only the micromolecular (smaller) non-polar, non-reactive (chemical and biological) SMP 

molecules were treated from actual effluent compared to both macro and micromolecular SMP 

from synthetic effluent. Moreover, as was observed both protein and carbohydrates were not 

responded well in enhanced coagulation. There could be a lower proportion of humic and a higher 

proportion of carbohydrates and protein in the present batch of actual effluent, which resulted in 

the reduction of TOC removal in case of actual effluent. In addition, micromolecular humic 

substances might not be responded to as macromolecules did in synthetic effluent. Additional 

experimental data can be seen in Appendix 3D. 

 

At pH 6 (25°C), aluminum solubility would be the least. To determine aluminum sulfate and ferric 

chloride solubility at equilibrium with gibbsite solid/amorphous solubility diagrams, Faust & Aly, 

(1998) were followed. Typical calculations of residual aluminum and resulted sludge assessment 

technique are shown in Appendix 3E. Langmuir-based semi-empirical models can be used to 

predict TOC removal during enhanced coagulation (Edwards, 1997). 

 

Enhanced coagulation, although applied with natural water having a very low concentration of 

TOC (maximum 8 mg/L) for a maximum 50% reduction of drinking water DBP precursor in 

drinking water applications, is (enhanced coagulation) never used in fruit wastewater effluent 

treatment or any other industrial wastewater applications. Natural water contains biota generated 

SMP along with fulvic acid as NOM. All the NOM are macromolecular and responded well in 

both the step 1&2 of enhanced coagulation. Thus a 50% reduction is not impossible as was 

observed in the case of synthetic effluent, where a 50% reduction of TOC was observed. The 
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maximum micromolecular SMP DOM removal of 20% by enhanced coagulation from actual MBR 

effluent did not prove to be a complete solution relieving RO fouling. To achieve about 95% DOM 

removal from actual MBR effluent, additional technology was demanded, and solid-phase 

sorption, discussed in Chapter 4,  was evaluated. 

 

Some of the organic polymers did not prove to be successful rather increased TOC level in MBR 

effluent as observed by others (AWWARF, 1989). Among the 4 polymers, only Chitosan was 

found suitable for dual coagulation effects. 

 

3.5. Conclusions 

The completed experiments on the assessment of enhanced coagulation in the removal of TOC 

from synthetic and bench-scale MBR effluents as well as micromolecular SMP DOM and coloring 

materials from actual MBR effluents provided some interesting results. The synthetic effluent 

experiments provided the behavior of individual SMP components, while protein and 

carbohydrates responded poorly to enhanced coagulation, but humic removal was excellent (80%). 

Bench-scale effluents explored the reason for SMP upset during operation with pear effluent and 

provided a comparative behavior of pear and apple effluents. However, the optimum rate of 

coagulant dosage (60-65 mg/L) and pH (6-7) were the same in all the cases, which suggested the 

operation of actual MBR effluent with the same coagulant dosage and pH. Due to variabilities in 

the presence of macro and micro molecular organics in the actual effluent, the responses to 

enhanced coagulation in the form of removal efficiency was different.  Although enhanced 

coagulation removed 20% of DOM from actual effluent, it is a cheap and simple process and IP 

can reduce DOM fraction both in influent and effluent by using enhanced coagulation, which 
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ultimately reduces the load on the next stage solid sorption removal of SMP DOM and increases 

the life of the solid sorbent.  Some suggestions and benefits are as follows:   

• The effectiveness of the process of enhanced coagulation was found to be dependent on 

the concentration and characteristics of DOM components, coagulants dosage rates and pH 

(6-7). Reduction of DOM both from influent and MBR effluent by enhanced coagulation 

is highly suggested to reduce BOD load to MBR and DOM load to on the subsequent 

sorption process. 

• Removal of protein and carbohydrates by enhanced coagulation were lower than humic 

substances from an MBR effluent containing those contaminants. So, efforts to reduce 

protein production in the MBR process would be beneficial. 

• Dissolved organic matters removal by enhanced coagulation was lower (20%) from actual 

MBR effluent compared to synthetic and bench-scale effluent. But, reduction of coloring 

materials and turbidity was significant, which are additional benefits along with partial 

DOM removal. 

• Results revealed that enhanced coagulation alone cannot be a complete solution option for 

the treatment of MBR effluent removing >95% SMP dissolved organic matters. Additional 

technology integration was demanded to fulfill the goal of best management practice 

(BMP) to recycle the effluent. Chapter 4 addresses the issue.  
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Chapter 4: Evaluation and modeling performance of activated carbon in 

removing micro-molecular dissolved organic matters from fruits wastewater 

MBR effluent 
 

Chapter 4 outlines the experiments completed using different MBR effluents and the results 

obtained on the removal of micro-molecular dissolved organic matters (DOM) from fruits 

wastewater membrane bioreactor (MBR) effluent by activated carbon. To avoid commercialization 

issues, nine different carbon materials, evaluated for this work, were provided each with symbolic 

identification. Out of nine activated carbon, six were granular activated carbon (GAC) and the rest 

three were carbon pellets, granular charcoal, and powdered activated carbon. Completed bench-

scale performance and isotherm analyses experiments provided the rating for each of the carbon 

in terms of intensity and capacity of sorption including DOM removal efficiency as well as 

turbidity and inorganic reduction from the MBR effluent. Bench-scale tests were conducted for all 

the 9 activated carbons, while isotherm experiments were conducted for the 6 GAC materials. 

Comparative ratings are presented both in graphical and tabular forms in this chapter, and a high 

rated GAC was selected for continuous column operations. Enhanced coagulation coupled with 

GAC sorption removed over 95% of dissolved SMP DOM in column experiment, providing best 

management practices (BMP) removing RO membrane foulants in the form of DOM from the 

MBR effluent.  FTIR analysis revealed the removal by GAC is composed mainly of low molecular 

humic liked polysaccharides and proteins including amino sugar, which constitutes the organic 

fouling fractions on the membrane surface. The work will be submitted for peer-reviewed journal 

publication in the Canadian Journal of Civil Engineers. 
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• Jamal_uddin, A.T., Zytner, R.G., Warriner, K., & Singh, A. (2019).  Evaluation and 

modeling performance of activated carbon in removing micro-molecular dissolved organic 

matters from fruits wastewater MBR effluent. To be submitted to the Canadian Journal of 

Civil Engineers.  

 

4.1 Introduction 

Micromolecular DOM is a group of nonpolar nonreactive refractive materials that are present in 

wastewater MBR effluent and pose severe difficulty in wastewater’s pretreatment. Although a 

major part of macromolecular DOM is removed by the coagulation and filtration process, the micro 

molecular particles do not respond to chemical coagulation nor to any ion exchange process due 

to their refractive nature, which warrants an investigation of appropriate treatment option. 

 

The removal or reduction of macromolecular organic compounds (TOC, NOM, COD, BOD) from 

secondary effluent by sorption process is well reported (Hatt et al., 2013; Abdesssemed & Nezzal 

2002;  Shon et al., 2006; Haberkamp et al., 2007; Gur-Reznik et al. 2008; Filloux et al., 2012; 

Crittenden et al., 1985, 1987a, 1987b and 2012). For decades sorption has been used to remove a 

large variety of organic compounds including metals from wastewater leachate (Ghazi et al., 2013) 

and sorption of organic dye (Ayoob & Gupta, 2007). Sorption by GAC removes about 80-90% of 

DOM from secondary effluent used as RO feed (Shon et al., 2004, 2006; Filloux et al., 2012). 

Effective pretreatment of fruits wastewater MBR effluent combination with other methods are 

discussed elsewhere (Jamaluddin et al., 2019). The present focus is on the effective applications 

of GAC sorption assessing the comparative performance of commercially available products.  
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Among the different sorption isotherms models developed by Freundlich (1906), Langmuir (1916), 

and Brunauer-Emmet-Teller (BET-1938), the Freundlich and Langmuir isotherms are used most 

commonly to describe the sorption characteristics of activated carbon used in water and wastewater 

treatments and other environmental applications for solid-liquid partitioning (Metcalf & Eddy,  

2014). In environmental applications, the linear form of Freundlich isotherm is frequently used. 

Applications of the Freundlich isotherm (Ghazi et al., 2013), use of isotherm parameters in model 

predictions (Clerk, 1987; Ayoob, 2007), and higher correlations coefficients and comparative 

reliability characteristics of the Freundlich isotherm (Chan, 2014) are well discussed.  

 

As such, there are no ready models, predictions, approaches or proposals supporting sorption of 

DOM onto GAC. The developments on GAC sorption of DOM appeared to be complicated due to 

the presence of interfering materials including biodegradable organic matters. Existing approaches 

and discussions are mostly based on natural water with natural organic matters (NOM) data, but 

all are limited to site-specific numerous water parameter inputs, assumptions, and hypotheses. The 

approaches are rarely used outside of academia because predictions require accurate estimates of 

equilibrium sorption parameters and mass transfer coefficients (Sontheimer et al., 1988). Due to 

statistically based empirical predictions, the model proposed by Clark (1987a), Hooper, et al., 

(1996), and Bond & DiGiano, (2004), has very limited practical use (Zachman & Summers, 2010). 

The review reveals that most of the approaches used data either from USEPA ICR (Information 

Collection Rules) database or from synthetic water bench-scale experiments or similar experiments 

by others using natural water. In fact, site-specific nature of water and wastewater characteristics 

called for parametric assessment at the site or collect water from site to obtain required parameters 
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on GAC sorption for its site-specific applications, which was the main objective of the present 

study.  

 

The above discussions revealed that no work on site-specific fruits wastewater MBR effluent, on 

sorption and removal of SMP based DOM. In fact, there exists a complete research gap in the area 

of fruits wastewater MBR effluent. At this stage, considering the site-specific nature of water and 

wastewater characteristics, parametric assessment of actual effluent to obtain required parameters 

on GAC sorption and its site-specific applications are essential. In addition, present MBR effluent 

has already by-passed many treatment steps including the biological process at the MBR, size 

exclusion separation at MBR UF filtration and coagulation sorption removals during enhanced 

coagulation. As such, equilibrium sorption parameters and mass transfer coefficients on such a 

critical water matrix would be unique and help to address the data shortfall.  

 

To obtain required coefficients and parameters on sorption of SMP components on the activated 

carbon surface, bench-scale as well as isotherm experiments were considered. Bench-scale tests 

were conducted for all the 9 activated carbons and isotherms were developed for the 6 GACs on 

SMP DOM to provide comparative performance ratings in the removal of organic along with 

turbidity and inorganics. Column tests were targeted with continuous operations of GAC materials 

feeding with MBR effluent.  Upon completion of all the related experiments, a decisive conclusion 

on parametric data and GAC sorption information including hydraulic results were made, which 

would help the processors with the best management option for the wastewater recycle.  
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 4.2  Background 

Sorption is a physical phenomenon based on the surface area where molecules of organics (sorbate) 

are attracted either by van der Waals or intermolecular electrostatic forces between sorbate and 

sorbent (GAC) molecules or through a pore-filling mechanism where no forces are involved or 

present. Granular activated carbon pore sizes vary, such as macropores around 50 nm, mesopores 

2 ≤ d ≤ 50 nm, and micropores <2 nm. These pore size in GAC determines which types of 

molecular sorption would be preferred, either macro or micro-molecules will sorb on a GAC. The 

dynamics behind the process is the hydrophobicity of sorbate. The comparative intensity of 

sorption onto different GAC depends on the individual properties of GAC materials such as surface 

area (discussed earlier), iodine number, physical shape, density, porosity and presence of other 

ingredients promoting or inhibiting the process.  Similarly, the characteristics of soluble organics 

and solution matrix including molecular structure, hydrophobicity, charges, solution pH, 

temperature, and presence of contaminants are factors impacting the intensity of sorption.  

 

To evaluate and analyze the performance of sorption as well as sorption dynamics, equilibrium 

equations generally termed as sorption isotherms or models have been formatted. Equilibrium 

relations between the mass of solute (x) in mg/L sobbed onto the surface of sorbent to the 

equilibrium concentration of the liquid phase (Ce) has been established. An isotherm is used to 

describe and analyze the relationship between the sorb sorbate concentration onto GAC surface 

and sorbate remains in the solution at equilibrium at a given temperature. While GAC’s sorption 

capacity can be estimated from isotherm data, the sorption equilibrium capacity is calculated by 

using mass balance expression, written as Equation (1): 

m q = V(C0-Ce)              (1) 
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where,  

q = mass of sorbate (mg) sorbed onto per g of sorbent (mg/g), 

V= volume of aqueous phase added (L),  

C0 and Ce are initial and equilibrium concentrations of sorbate in solution (mg/L),  

m = mass of sorbent (g). 

 

The mathematical form of the Freundlich isotherm, originally proposed as an empirical equation 

to describe data for heterogenous sorbents such as activated carbon, can be written as Equation (2) 

q= k Ce
1/n   …           … (2) 

where,  

q  =  concentration of contaminants on solid surface,  

Ce = equilibrium concentration of contaminants (sorbate) in liquid phase, 

k = Freundlich constant an indicative of sorption capacity, 

1/n = empirical constant, a function of the strength or intensity of sorption.  

 

For a fixed value of Ce and 1/n, the larger the k value, the larger the capacity, q. Similarly, for a 

fixed value of k and Ce, the smaller the value of 1/n, the stronger is the sorption power or sorption 

bonds. Alternately, a larger value of 1/n results with week bond, and the value of k changes with 

a small change in Ce (Letterman, 1999).  When 1/n = 1, k is termed as the linear partition 

coefficient, a linear relationship, simply a ratio of q/Ce. Most simplified applicable form of 

Freundlich Isotherm may be written as in the form of Equation (3),  

x/m = k Ce 
1/n…             (3) 
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where,  

q is replaced with x/m,  

x= amount of contaminants sorbed,  

m = weight of carbon (GAC), and  

x/m= amount of contaminants sorbed per unit weight of GAC.  

 

Taking the logarithm of both side of Equation (3) we get Equation (4),  

Log x/m = log k + 1/n log c          …(4) 

which is an equation for a straight-line having slop = 1/n, and intercept on the y axis at point Log 

k. This assumption is valid at a low concentration of sorbate. This relational equation in the form 

of a line is a sorption isotherm. Experimental determination of 1/n and k values in equation (3) on 

a sorbent will lead to the information of intensity and capacity of sorption of the respective sorbent 

concern. The higher the value of 1/n and k, the higher is the intensity and capacity of contaminants 

sorption.  

 

The Langmuir isotherm is defined as in Equation (5),  

x/m = abCe/(1+bCe)                     (5) 

which can be transformed into Equation (6), 

Ce/(x/m) = (1/ab) + (Ce/a)                 (6) 

where, 

 a, b are empirical constants,  

Ce and x/m are similar as defined in Freundlich isotherm earlier.  

A plot of Equation (6) for Ce/(x/m) vs Ce will be linear with a slope of 1/a and y-intercept at 1/ab.  
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In environmental studies simplifications of isotherms e.g., Kow (octanol-water partition 

coefficient) and Koc (organic carbon partition coefficient), are also usually used to determine 

sorption effectiveness. The implications of the former relationship are to hydrophobicity and the 

later one to binding property. However, utilization of those coefficients is specifically related to 

organic content soil and solute octanol-solute water, respectively. 

 

The present study deals with a variable character sorbate (MBR effluent) composed of complex 

heterogeneous mixer, mostly unknown constituents including SMP (soluble microbial products) 

and EPS (extracellular polymeric substances) components, where no parameters are available in 

the literature for ready use in performance calculation. Experiments and related results reported in 

the literature were based on the limitations of experimental and analytical errors as well as trial 

and error methods addressing synthetic or natural water. The experimental information on the 

challenging sorbate in MBR effluent would mitigate the gap at this stage.  

 

4.3 Methods and Materials 

Bench-scale experiments were carried out with all the 9 activated carbons to compare the 

performance of carbon pellets, granular charcoal, powdered activated carbon, and granular 

activated carbons mainly in removing dissolved organic matters (DOM), consists of SMP and EPS 

components, from MBR effluent. Different experiments completed for the decision matrix are 

listed in Tale 4.1.  
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Actual MBR effluent was collected and activated carbons were evaluated immediately after 

effluent collection to make an accurate prediction of GAC effectiveness as MBR effluent contained 

interfering components including biodegradable organic matters.  

Table 4. 1: List of sorption experiments completed 

Exp. #1 Bench-scale evaluation of 9 activated carbon to check any contamination from them 

Exp. #2 Comparison of the Freundlich and the Langmuir isotherms 

Exp. #3 Calculation of the Freundlich coefficients from six GAC with higher DOM 

concentration MBR effluent 

Exp. #4 Calculation of intensity and capacity of sorption for the 6 GAC at lower DOM 

concentration of MBR effluent 

Exp. #5 Comparative assessment of the 6 GAC on an x/m versus c graph to find grades 

Exp. #6 Assessment of intensity of sorption at different mixing time for the two selected 

GAC 

Exp.#7 Comparative evaluation of the two selected GAC by plotting DOM % remained and 

DOM removed vs GAC dosage 

Exp.#8 Comparison of performance the two selected GAC at different effluent 

concentrations on fixed GAC dosage 

Exp.#9: Comparison of the Freundlich isotherms from synthetic effluent and actual effluent 

Exp.#10 Assess the feasibility of PAC to be used as RO feed treatment 

 

Preliminary tests to assess organic removal efficiencies, comparative advantages and 

disadvantages in terms of turbidity reduction or increase were evaluated among the 4 categories of 

activated carbons in short-termed bench-scale experiments.  A known amount of activated carbon 

was added to a known quantity of effluent for different durations to assess any contaminations (or 

leaching) from the activated carbons (AC). TOC, color, and turbidity of the filtrate were measured 

to compare the preliminary performance from different carbons, in terms of effluent quality 

change. This test was conducted to identify AC that discharges contaminants to effluent and 

remove them from the subsequent isotherm tests. 
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Sorption isotherms were generated for the 6 GAC and interpreted to screen out lower-rated 

materials. Experiments were carried out by exposing a known quantity of sorbate in a fixed volume 

of liquid to various dosages of sorbent following Bottle point technique (Crittenden et al., 2012). 

Different weights of dry GAC materials were added with a constant volume of MBR effluent 

followed by mixing at a rotating mixer for different experimental durations (30 min, 2 hours, 4 

hours, 10 hours and 24 hours) to achieve the highest sorption at the experimental period. 

Experiments were conducted in 300 mL air-tight containers adding different masses (1, 5, 10 50 

and 100 g/L) of GAC in either 100 or 200 mL of MBR effluent. Either masses of GAC were varied 

or concentrations of sorbate in MBR effluents by diluting the effluent with distilled water. 

Equilibrium effluent DOM concentrations were measured by filtering out the GAC.  Generally, 

>90% of equilibrium is expected to be achieved in 24 hours or less based on concentration. 

However, the relations recommended in the literature are Ce/C0<0.9 on Ce/C0 vs time curve 

(Crittenden et al., 1997a; Hand et al., 1997) were followed. Mass balance expression was used to 

calculate the sorption equilibrium capacity. Fresh effluents were measured at the beginning and 

end of the experiment as a control to observe any losses or changes, by conducting mass balance.  

 

Experiments were carried out both batches (using Bottle Point Technique) and in continuous 

columns. Data on sorbate dissolved organic matters sorbed onto per unit weight of GAC in 

equilibrium with MBR effluent and DOM remained after sorption were used to evaluate the 

performance. Different physical properties of GAC were also correlated to the sorption 

performances.   
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In the Bottle Point technique, the mixer rotation was measured to be 28 rpm (pump rpm 128, 

reduced to 1/4th by reducing gear-theoretical), while Crittenden et al. (1998), used 25 rpm. 

Interestingly, the observed DOM concentration increases in effluent stored at the freezer as well 

as at room temperature. This can be attributed to the presence of biodegradable organic matters 

(BOM) in the effluents. Therefore, in order to prevent bioactivity during the experimental period, 

a small amount of sodium azide was added. Additionally, effluent DOM concentrations were 

measured before and after the experiments. The isotherm experiments were repeated over three to 

four times based on the concentration variations and data reliability. After mixing, the sorb samples 

from the containers were filtered using 11µ filter papers to mimic the situation of 10 µ cartridge 

filtration ahead of RO membrane at the real plant site. 

 

To estimate the maximum GAC usage rate to sorb all the contaminants in solution (effluent), the 

Freundlich trend line was extrapolated to initial effluent concentration value (Log c) and 

corresponding Log x/m value was determined. The antilog of it provides the actual x/m value 

leading to the amount of GAC required for a liter (or 1000L) of effluent treatment.  

 

Freundlich isotherm coefficients were developed both at high and low concentrations of DOM in 

effluents. Coefficients at high concentrations were reported both in graphical and tabular form, 

while lower concentration coefficients were compared in tabular form with the high concentration 

coefficients. 
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Also, the comparative assessment of the 6 GAC was conducted on x/m versus c plots. In the light 

of this combined plot and developed isotherm coefficients, two high ranked GAC were selected 

for final assessment. 

 

Three types of evaluations were conducted for final selection of a GAC: (i) intensity of sorption at 

different mixing time, (ii) intensity of DOM removal and DOM remained in the effluent after the 

sorption at different dosage of GAC, and (iii) assessment of sorption trends at different effluent 

concentrations on fixed GAC dosage. In all those assessments, only two of the selected GACs (M8 

and M9) were involved.  

 

Freundlich isotherms were also developed from synthetic effluent to compare with actual effluent 

and a simple comparison was made.  

 

Only PAC was also evaluated, which generated high turbidity and was not fit for RO feed 

pretreatment.  

 

4.3.1 Materials  

Nine different activated carbon materials were evaluated in this research, out of which one was 

activated carbon pellets, the second one was granular charcoal, and the third one was powdered 

activated carbon. The rest six, out of nine activated carbons, where GAC. For simplicity and to 

avoid commercialization issues, activated carbons were numbered from M1 to M9 as shown 

below: 
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1. Norith RB40M activated carbon (AC) (pellets)      (M1) 

2. Char House, Bone-Char- granular charcoal (GC) 20x 60     (M2) 

3. Calgon Carbon WHP powdered activated carbon (PAC), CSA-7440-44-0   (M3) 

4. Carbon Enterprises Inc. (CEI) -AC 8x30       (M4) 

5. Calgon Carbon – filtra-sorb  300 8x30       (M5) 

6. Carbon Enterprises Inc.  -AC 12x40        (M6) 

7. Norith GAC 1240W from coal, steam activated granular (potable water process) (M7) 

8. Calgon Carbon  - filtra-sorb 400 12x40      (M8) 

9. Anthra Filter -BC 12x40         (M9) 

 

Sorption performance of activated carbon materials depends on the physical characteristics of the 

materials as discussed earlier. Table 4.2 shows characteristics of 9 different carbon materials, 

listed above coded with an individual number from M1 to M9. 

 

Table 4. 2: Characteristics of 9 different carbon materials 

 

Parameters M1 M2 M3 M4 M5 M6 M7 M8 M9 

Iodine number mg/g 950   900 900 1000 950 1000 950 

Moisture % <5   <2 <2 <3 <5 <2 <5 

Effective size mm 4   0.4-0.6 0.8-0.9 0.35-

0.45 

0.6-0.7 0.55-

0.75 

0.45-

0.55 

Uniformity coefficient    1.3 2.1 1.3 1.7 1.9 <1.5 

Density g/cc 0.32 0.61  0.42 0.55 0.42 0.47 0.54  

Mesh size Pellets 20x60  8x30 8x30 12x40 12x40 12x40 12x40 

Water extractable %      <1   <1  

Non wet able %     <1   <1  

Abrasion number    85 78 85 75 75  

Carbon type AC GC PAC GAC GAC GAC GAC GAC GAC 

Surface area m2/g     1050 1200 1100 1075 950 

Pore volume cc/g     0.851 0.72  1.071  
Data collected from technical data sheets, MSDS and online from supplier/manufacturer site 
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Notes: 

➢ Some of the GAC material safety data sheet (MSDS) at different dates or sources was 

observed to differ slightly in their specifications. 

➢ Generally, the solid density of graphite is about 2.0-2.2 mg/cc, while GAC bulk density 

varies from 0.35 to 0.55 mg/cc. Porosity may be predicted from these relations of graphite 

and GAC densities.   

➢ Surface area, pore size distribution, and surface chemistry are the important characteristics 

in the evaluation of performance and isotherm parameters. Within accessible pores, the 

amount of surface area is directly proportional to sorption.   

 

4.3.2  Analyses 

• TOC (total organic carbon) as dissolved organic matters (DOM) including IC (inorganic 

carbon) were analyzed using a Shimadzu TOC analyzer, Model # H54215000555, utilizing 

nondispersive infrared detection, coupled with autosampler model ASI-L Shimadzu SR# 

H57115000566-SA.  

• For the measurement of pH, electrical conductivity, temperature, and TDS, - HACH HQ 

40 d Multi, cat. No 58258-00 was used.  

• Turbidity was measured by OAKTON Turbidimeter T-100.   

• COD was measured following procedures TNT 820, 821 and 822. Heating the vials in 

DR200 followed by analysis using DR 5000 analyzer.   

• Total nitrogen was analyzed following procedure TNT 826 and using DR 5000. 

• Simplified TKN was analyzed following procedure TNT 880 and using DR5000.  
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• Foulant materials on the membrane surface were analyzed using a scanning electron 

microscope (SEM) with an X-ray microanalysis system to determine elemental 

compositions.  

• Fourier Transform Infrared (FTIR) spectrometer, BRUKER, and associated infrared 

microscopy was used for identification of organic foulant fraction on the fouled membrane. 

 

4.4 Results and Discussions 

Experiments were completed to assess the performance of 9 different activated carbons on short- 

and long-term contact with MBR effluent. Analyses of treated effluent DOM in the form of TOC 

including inorganic carbon (IC), turbidity, color, and TDS were conducted. A summary of the 

results from different experiments listed earlier (Table 4.1) is provided in Table 4.3.  

Table 4. 3: A summary of results from all the GAC sorption experiments 

 Results Conclusions 

Exp. #1:  M1 and M2 showed poor performance M1 and M1 was not considered further  

Exp.#2:  Freundlich isotherms were linear, while 

Langmuir’s were curvilinear 

Freundlich isotherm coefficients were 

considered in subsequent experiments 

Exp.#3:  Data trends are shown in Figure 4.2, 

and calculated values are in Table 2 

M8 showed the higher coefficients 

 

Exp. #4 Table 2 shows coefficients at high and 

low concentration 

M8 showed high ranked coefficients 

and considered for the next assessments 

Exp. # 5:  Results are shown in Figure 4.4 M9 was selected to compare with M8 

Exp. #6:  Sorption rate increased with time. 

 Results shown in Figure 4.5 

M8 showed higher intensity of sorption 

Exp.#7:  M8 showed better performances. 

Results are shown in Figure 4.6 

Negligible DOM remained in the 

effluent after M8 treatment 

Exp. #8:  M8 showed higher performance. 

Results are shown in Figure 4.7 

Sorption is highest from M8 at all 

concentrations and mixing time 

Exp. #9:  The Freundlich isotherm factors were 

higher with synthetic effluent 

Results discussed  

 

Exp.#10:  Higher turbidity (NTU) value from 

PAC 

PAC is not fit for RO feed treatment 
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Short contact results revealed high values of IC, turbidity, color, and TDS from M1 and M2 treated 

effluent. As indicated earlier, M1 is a 4 mm size pellet of steam activated extruded carbon, and 

M2 is a granular charcoal product from aged bones. Based on poor performance, M1 and M2 were 

not considered for further evaluation in subsequent experiments. Powdered activated carbon, M3, 

was evaluated individually due to physical structure opposed to GAC and was not considered for 

isotherm experiments.  

 

  

 

  

Figure 4. 1: Comparison of the Freundlich and Langmuir sorption isotherms 

 

Freundlich and Langmuir isotherm plots were derived from respective sorption equilibrium data 

for all the 6 GAC. Best fit isotherm equations with the isotherm coefficients were determined. The 

respective kinetics equilibria of the two isotherms: the Freundlich and Langmuir were compared 
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placing their plots side by side as in Figure 4.1. GAC M8-M9 are shown in Figure 4.1, and M6-

M7 are shown in appendix 4A. It may be mentioned here that the equilibrium time was about 10 

hours when effluent DOM concentration was 88 mg/L, the mid -level range of effluent.  

 

The Freundlich and Langmuir isotherms at room temperature reveal that data are best represented 

by Freundlich isotherms, where all the curves are linear (Figure 4.1). All the plots for the Langmuir 

isotherm are curvilinear (Figure 4.1), which was a deviation from the definition, therefore only the 

Freundlich isotherm coefficients were further analyzed.  This dissimilar behavior could be 

attributed to the assumption that there is a monolayer sorption of molecules in Langmuir model 

covering the entire surface area. All DOM molecules are attached to the surface without any 

stacking, while in Freundlich isotherm, without any restriction of stacking, multilayer sorption of 

molecules may occur as not all the DOM contaminants are in contact with the surface.   

 

  

 

Figure 4. 2: Freundlich isotherms from 2 GAC on actual effluent (DOM concentration 82-88 

mg/L, contact time 10 hours) 

 

To evaluate the comparative abilities of different GACs in sorbing DOM and to calculate 

theoretical minimum GAC dosage for optimum removal, the Freundlich Isotherm trends are 

interpreted by using the relationship between the concentration of the sorbates in solution and 
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capacity of the GAC (Equation 4) and plotting Log c vs log (x/m). Figure 4.2 shows a typical Log-

Log plot for two GAC, M8-M9, at high DOM concentration, while Table 4.3 shows calculated 

coefficients from all the 6 GAC at both high and low DOM concentrations. The Log-Log plots for 

4 GAC, M4-M7 are placed in Appendix 4B. 

 

The intensity and capacity of sorption were also calculated at lower concentrations. According to 

the hypothesis for the Freundlich isotherm and to fit well at lower concentrations. Table 4.3 shows 

calculated coefficients from experimental analysis both at low (17 mg/L) and high (82-88 mg/L) 

concentrations. However, for the breakthrough to be logical, only high concentration factors are 

used in subsequent assessments, while present MBR effluent concentration is higher. As indicated 

earlier, these are experimental values on capacity (L/kg, mg/g, g/L) and intensity (1/n) of sorption 

from different GAC, with about 99% accuracy (r2). These values will help IP in the assessment of 

a GAC as they need.   

 

Table 4. 4: Comparative isotherm parameters (k, 1/n, r2, mg/g, g/L) of Freundlich sorption 
 

Parame

ters 

M4 M5 M6 M7 M8 M9 

HC LC HC LC HC LC HC LC HC LC HC LC 

K 

(L/kg) 

300 350 190 550 520 520 70 770 793 2660 170 600 

1/n 0.44 0.37 0.89 1.28 0.42 0.46 1.06 0.07 0.50 0.94 0.71 1.16 

r2 % 99  98 95 95  95  99 92 99 99 

mg/g 2.14  10.00 12.8 3.98  11.26  10.90 23.6 3.98 10.80 

g/L 38.32  8.88 1.09 20.60  7.90  7.92 0.54 20.60 1.09 

Notes: HC= high concentration (82-88 mg/L), LC = low concentration (17 mg/L). 

 

To estimate the maximum GAC usage rate to sorb all the contaminants in MBR effluent, the 

Freundlich trend line was extrapolated to Log C0, (log of the initial concentration of effluent, 82 

mg/L) and corresponding Log x/m value was determined on the vertical axis. Antilog of it provides 
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the actual x/m (mg/g).  Now using this value, we can calculate total GAC required for the desired 

volume of effluent treatment, which is the main applications of the above plots and Table 4.3 data. 

The values of 1/n and r2 in Table 4.3 were directly obtained from respective equations, while k 

values were obtained from the antilog of Log c part of equations. Such as, for M9, antilog of -

0.7682 = 0.170, multiplying by 1000 = 170 L/kg, which is reflected under M9 in Table 4.3. Rest 

of the calculations followed the same procedures. 

 

All the values in Table 4.3, generated from Figure 4.2 (also Appendix 4B), are valuable 

information for IP, which will help IP to decide which GAC will be economical. Comparing the 

price of GAC at any time along with respective efficiency value in Table 4.3, the IP can decide the 

quantity of the GAC they need for their treatment. For example, in 1st row of Table 4.3, the K 

(L/kg) value for all the GAC at a high concentration of MBR effluent can be compared as in Figure 

4.3, which reveals that M8 has the highest capacity. M8 may be able to treat about 792 L of effluent 

by one kg of GAC, followed by M6. Such data from other wastewater are not available in literature 

to compare with.  

 

Figure 4. 3:  Comparative treatment capacity (L/kg) from 6 different GAC 
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Figure 4.4: Comparative DOM sorbing capacity (mg/g) of 6 GAC at different concentrations 

(mg/L) 

 

Figure 4.4 reveals that M8 has the highest sorbing capacity followed by M5>M7>M9.  Both M8 

and M6 are imported from the same overseas (USA) source.  M9 is a local product, cheap in price 

($180/25 kg) and easily procurable. Coastwise, the price of M6 is double ($398/25 kg) of M9, but 

performances are alike. So, M9 is preferred over M6 considering price and performance.  

 

The intensity of sorption at different mixing time for M8 and M9 is compared in Figure 4.5.  

Following the logic, a higher time of mixing sorption would be higher as reveals in Figure 4.5: 

10hrs>4hours>2hours> ½ hrs. However, in all cases intensity of sorption by M8 remained higher, 

(Figure 4.5). 
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Figure 4. 5: Comparative DOM removal (%) as a function of GAC dose (g/L), M8 and M9 

 

Comparative performance of M9 and M8 in respect of % DOM remaining and intensity of DOM 

removal vs GAC dosage are shown in Figure 4.6. Percent DOM remains is negligible at higher 

concentrations with M8 sorption, while comparatively, more DOM remained after M9 sorption. 

 

  

 

Figure 4. 6: Percent DOM remained and intensity of removal vs GAC dosage from M8 and M9 

with actual effluent (88 mg/L DOM) 

 

Sorption trends of M8 and M9 were also evaluated at different effluent concentrations. Their 

respective removal efficiency vs effluent concentrations plots are shown in Figure 4.7. From the 

curves, it reveals that removal by M8 is higher at all the concentrations and mixing time, which 

agrees with earlier observations.  
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Figure 4. 7: DOM removal rates from effluents of different concentrations at a fixed dosage of 

GAC, contact time 8 & 4 h 

 

Synthetic effluent prepared at the lab mimicking specifications of actual effluent was also 

evaluated for its DOM removal using the Bottle Point Process. Freundlich isotherm factors 

observed were higher with synthetic effluent, say, for example, k value from M7 was 1519 

compared to 770 (lower concentration effluent).   

 

Experiments with PAC showed higher k and 1/n values, 2342 L/kg and 1.00, respectively. 

However, the usage of PAC at a continuous process application requires fine filtration of PAC 

prior to feed to RO. In the present study, even filtered by 11µ filter paper, the filtrate turbidity from 

PAC remained > 1 NTU, which is not an allowable range to feed the RO.  

 

Comparative assessment experiments reveal that the sorption removal power of M8 is always 

above the M9.  Moreover, in continuous column test during breakthrough study, M9 could hardly 

remove 50-60% of DOM from a continuous stream of effluent, while M8 removed about 98% both 

in breakthrough and in continuous production for RO operation.   
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Figure 4.8 shows the breakthrough obtained from M8 using a 2ʺ column in a continuous flow 

experiment. Even the effluent DOM concentration of this latest batch was very high (215 mg/L), 

M8 provided a successful breakthrough, removing over 98% of DOM without any use of pre-

enhanced coagulation. This performance revealed that M8 can be used with or without enhanced 

coagulation. However, with enhanced coagulation, a load of DOM on GAC would be higher and 

ultimately, the sorption life of GAC will be reduced. The integrated equipment used for different 

experiments are shown in Appendix E1. Additional data are shown in Appendix 4D. 

   

Figure 4. 8: Breakthrough curve from M8 GAC, operation time (min) vs Ce/C0  

 

The positive factors with M8 are its physical structure, pore volume and pore suitability for 

micromolecular sorption.  Iodine number (IN) of GAC is seldom used as a representation of the 

surface area. Physical property of M8 shows it has the highest iodine number.  Both intensity and 

capacity of sorption observed higher in the case of M8, it agrees with the fact “the higher the iodine 

 Ce/C0= 0.05 

 Ce/C0 = 0.95 

Effluent DOM 215 mg/L, 2ʺ column 
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number (IN) the higher is the capacity of sorption”.  Available surface area for micromolecular 

sorption correlates well with iodine number. The size of M8 granules (12x40) is similar to what is 

generally required for water and wastewater applications. The observed performance coupled with 

size, M8 deserved recommendation for its use in bed design at the IP site.  

 

Pore volume is another parameter to assess carbon performance. In the absence of polar effect, 

organic matter sorption occurs via the pore-filling mechanism (Newcombe, 1997).  So, non-polar 

DOM sorption would favor the highest pore volume of M8 (1.07 cc/g pores). Pore size would also 

have an impact on sorption. There should be a balance of pre size and surface area, the smaller is 

the pore size for a given pore volume the greater is the surface area that is available for sorption.  

The amount of sorption is proportional to surface area within pores that are accessible to the 

sorbate. Generally, micropores (<2 nm) provides larger surface area and corresponding lager 

sorption for smaller molecules, while the larger volume of macropores (d>50 nm) favors larger 

molecular sorption (Sontheimer, H. et al., 1988). The pore volume of M8 agrees with the presence 

of micropores. All the in-built required physical properties coupled with consequent higher 

performance, M8 was used in column tests and suggested for the IP use.  

 

Calcium or other divalent ions are reported to slightly enhance the fulvic acid sorption (Randtke 

and Japsen, 1982). The uniformity coefficient of M8 (1.9) promotes stratification during 

backwashing. Temperature increases diffusions and sorption of sorbate onto the solid site, but due 

to the exothermic nature of sorption at elevated temperature may reduce the degree of sorption. 

However, there observed no significant difference in performances in bench-scale experiments at 

room temperature. At neutral zone, pH did not show any significant impact in sorption.   
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Applications: Estimated break through time for 2 beds of M8, 0.66 m3 each, would be about 6 

months, with a DOM loading of <480 g/m3 day, at >95% removal of DOM, which may be 

translated into a requirement of about 1.3 m3 GAC/6 months of operation. However, the actual 

consumption will depend on effluent DOM concentration, GAC type, operational accuracy. To 

estimate the operational costs of GAC for the IP, the purchase process used for the Woodward Ave 

WTP, City of Hamilton, was followed.  The cost of virgin GAC was approximately $862/m3, while 

the regeneration cost was $674/m3 (www2.hamilton.ca/Hamilton.portal). This results in a six-

month cost for GAC for the IP at approximately $1300.  

 

 4.5 Conclusions  

The completed experiments on the assessment of different GAC provided an encouraging 

technique to develop a best management practice (BMP) using the GAC sorption of 

micromolecular SMP from MBR effluent. The deficiency with enhanced coagulation, Chapter 3, 

is now fulfilled. The GAC sorption power as obtained, in terms of capacity and intensity of sorption 

of MBR effluent SMP DOM, has provided new information in the sector fulfilling the gap, which 

can be used as a tool to select a GAC. The comparative performance evaluation helped to grade 

the 6 GAC and to select the best one for the post-treatment of MBR effluent. A bench-scale 

operation of the GAC column resulted in a successful reduction of about 98% DOM, which was a 

breakthrough in getting RO quality feed. The study also provides valuable information on how the 

IP can select a suitable GAC from the open market, where all the GAC will not fit for the 

micromolecular DOM removal. Among the 6 GAC evaluated, IP can directly decide feasible one 

from the developed comparative performance values, as needed. The study provided detailed 
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guidance on how to select a GAC from the market to remove SMP DOM. The calculated capacity 

in L/kg from each of the GAC can easily be utilized.  But, for different effluent concentrations the 

value in mg/g, as calculated in Table 4.3, will be helpful. As suggested, physical parameters such 

as micropore size (<2 nm), higher pore volume and surface area with higher iodine number and a 

good balance of pores and surface area should be given preference. Several beneficial conclusions 

were made: 

 

• A good management practice for the post-treatment of fruit wastewater MBR effluent, 

suitable for RO feed, was obtained by using enhanced coagulation (EnC) coupled with 

GAC sorption.  GAC can be used alone or in combination with EnC for the required 

treatment. Without EnC the load of DOM on GAC will be higher.  

• The experimental evaluation of different GAC provided a suitable GAC to effectively post-

treat the MBR effluent, capable of removing the targeted amount of DOM, safe to feed RO 

without fouling.  

• The removal of SMP DOM with and without EnC was about 98%, resulting in a product 

with a TOC of about <2 mg/L, color 1 Pt-Co, and turbidity about 0.28 NTU. These qualities 

were well fit for RO operation. (Chapter 5 demonstrates, verifies and discusses the issue in 

detailed).   

• Results of sorption capacity from the study can be used (1) to compare different GAC when 

IP needs to change, (2) to evaluate the quality of stored GAC, and (3) to estimate the 

residual capacity of GAC in use at the IP site. Where similar data on SMP DOM are not 

available in the literature. 

• The removal of micromolecular DOM by GAC sorption is a complex treatment process. It 

requires careful process operations and the use of proper design data. Without reasonable 
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treatment objectives, use of proper GAC evaluation data, and calculated design procedures 

will make it an expensive process. 

• The study revealed that for good SMP DOM sorption, the necessary factors to be 

considered are to maintain lower neutral pH (around 8) and ambient temperature, where at 

higher pH most of the organics will remain in solution.  
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Chapter 5: Fouling evaluation and RO performance restoration in purification 

of fruits wastewater MBR effluent 
 

Chapter 5 describes the experiences encountered while completing tertiary treatment experiments 

for the fruit wastewater MBR effluent as feed to RO. Additionally, there was performance 

restoration of the RO membrane to provide a best reuse management procedure for a fruit 

processor in Ontario. Analyses of foulants on membrane surface were conducted after each of the 

four operations: (i) feed with actual effluent, (ii) treated effluent, (iii) virgin membrane and (iv) 

flush-cleaned membranes. Physical, chemical analyses and visual inspection of membrane surface 

coupled with scanning electron microscopy (SEM), energy diffusive x-ray (EDX), Fourier 

Transform Infrared (FTIR) spectroscopy and contact angle measurements were completed. 

Membrane performance was restored by the online management of flush cleaning and using 

preservation techniques. This work will be submitted in the Journal of Membrane Science, cited 

as follows: 

• Jamal Uddin, A.T., Zytner, R.G., Warriner, K., & Singh, A. (2019/2020).  Fouling 

evaluation and RO performance restoration in purification of fruits wastewater MBR 

effluent. To be submitted to Journal of Membrane Science. 

 

5.1 Introduction 

Reverse osmosis (RO), a pressure-driven membrane process, widely recognized as the leading 

technology for critical water treatments including seawater desalination (Wenten, & Khoiruddin, 

2016), various industrial wastewaters (MÖLter and Lindenthal, 1995; Suárez et al., 014), reduce 

color and toxic from textile WW below potable water quality (De Jager et al., 2014; You-Tseng & 

Deng, 2008), production of yogurt (Davies et al., 1977) and Cheddar Cheese (Bynum & Barbano, 
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1985), concentration of fruits and vegetable juices (Echavarría et al., 2012; Gurak et al., 2010; Pa 

et al., 2009; Daniel et al., 2011; Gunathilake and Rupasinghe, 2014), pre-concentration of milk 

and whey (Balance, et al., 2002); removal of Boron and Silica (Oner et al, 2011), disinfection by-

products (DBP), DBP precursors, (Jacangelo et at., 1995), pesticides and other micropollutants 

(Hofman et al., 1997), and humic substances (Ødegaard & Koottatep,1982; Domany et al., 2002; 

Agui et al., 1992; Tang et al., 2007a) from water. 

 

RO in combination with MBR treatment is applied in industrial WW reuse applications (Chen & 

Chen, 2004), and in municipal wastewater reclamation (Dialynas & Diamadopoulos, 2009; Jacob 

et al., 2010; Sahar et al., 2011). Pilot-scale assessment of MBR-RO wastewater reuse assessment 

revealed that the RO permeate quality in terms of conductivity, turbidity, organic content, 

ammonia, nitrate, hardness, E. coli, and the virus could meet the water quality requirements for 

many potable and non-potable reuse applications (Tam et al., 2007). However, the literature search 

does not reveal any MBR-RO applications for fruit processing wastewater reuse. So, it appears 

that the present study would be unique of its kind providing research information on membrane 

foulants, performance restoration and preservation techniques that support the community in the 

area for fruit WW reuse management.   

 

Irrespective of the area of applications, in course of time the membrane will get cake layered 

deposits and if these deposits cannot be removed in time, they will permanently disable its 

permeation. The unwanted formation and adherence of deposits on the surface of the membrane is 

generally termed as fouling. This is an extremely complex process and not yet defined precisely 

as site-specific variabilities of fouling nature make it very difficult to generalize. Feedwater 
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characteristics lead to foulants buildup if contents of the feed that are rejected by the membrane 

are such that instead of transporting back into the bulk stream or carried away from the surface of 

the membrane with the reject, are attached to the surface and block the permeation passage. 

Fouling is generally categorized into (1) inorganic fouling due to deposition of colloidal matters 

or inorganic scales on the membrane surface, and (2) organic & biofouling due to the attachment 

of organic substances coupled with microbial attachment and multiplication in presence of 

adequate nutrient materials in feed water (Flemming, 1997).  

 

Proper process design, optimal pretreatment of feed water, efficient operations and maintenance 

of process units and effective online management of membrane performance can prevent or reduce 

fouling to a great extent. At this stage, feed pretreatment plays the most dominant role, if it is 

unable to remove all the fouling potentials from feed water matrix, membrane fouling is inevitable 

with a sharp decline of flux along with permeate quality deterioration. As a solution, most of the 

membrane process go with chemical cleaning. Cleaning by using chemicals for performance 

restoration (GuntõgÕrdh, 1989, Ebrahim, 1994) is revealed to be a temporary solution posing 

environmental concerns in discharging cleaning waste that incurs high operations cost. In addition, 

after several cleanings, membranes lose their permeation and rejection power, requiring 

replacement at a substantial cost.  

 

Cleaning, in this context, may be termed as “a process where the material is relieved of a substance 

which is not an integral part of the material” (GuntõgÕrdh, 1989). Although chemical cleaning is 

widely used for restoration, online membrane performance management by physical methods are 

getting popular when they do not involve any chemical addition or plant shutdown. Careful RO 
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process operations using well-pretreated feed and monitoring of the fouling initiation stages, that 

leads to taking preventive actions are preconditions for steady performance. Indications of the rise 

of differential pressure across the membrane and the decline of the permeate flow suggest that 

online management is required. From these symptoms of performance deteriorations, online 

management is decided to restore the performance. Among the online managements (1) forward 

flushing at higher flow/velocity of feed or (2) backward flushing and forward osmosis are 

generally applied. Forward osmosis may occur online in processes that have high concentrations 

reject that stays side by side with low concentration permeate head, which is separated by a 

semipermeable membrane. Due to concentration difference, normal osmosis occurs pulling water 

from the permeate side to feed side, and cleans the pores of the membrane. As a new technology, 

the commercialization of forward-osmosis is getting more discussions for critical water 

purifications.  

 

The success of RO performance restoration by application of online management is completely 

dependent on efficient pretreatment of feed to RO, which removes irreversible foulant from the 

feed ahead of RO. If this condition cannot be fulfilled, deposits on the RO membrane surface may 

not be removed by online management. In this situation, chemicals (chemical cleaning) are used 

to remove the irreversible foulant from the membrane surface, which is a stronger step of 

performance restoration, and seriously deteriorates membrane materials after several cleaning, 

which requires membrane replacement.  

 

To decide performance restoration strategy (online management / cleaning / pretreatment), the 

characterization of surface foulants is essential for conducting extensive analyses of surface 
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deposits. In flat sheet membrane operations, membrane surface and surface materials are easy to 

find. But, in RO operations using module configured membrane (spiral wound or hollo fiber), to 

collect foulants from the surface of the membrane it requires destructive autopsies of the module 

by cutting and opening the membrane. Foulant analyses are generally conducted by visual and 

microscopic examination of membrane surface deposits, chemical and biological analyses of 

foulants as well as membrane surface scanning, micrography and spectral evaluation of foulant 

materials (Farooque et al., 1997; Martel et al., 2012; Jeong et al., 2013; Rahman et al., 2018). This 

process also supports the characterization of the membrane.   

 

These various foulant analysis techniques were applied in the present study. To determine the 

effective pretreatment for the removal of membrane foulants, a parametric assessment of surface 

foulants from the surface of the membrane fed with actual MBR effluent and treated effluent were 

conducted. The collected and analyzed foulant results were compared with that of the virgin 

membrane surface. Foulants on membrane surfaces after operations with actual effluent and treated 

effluent were compared with the virgin membrane and flush-cleaned membranes. Physical, 

chemical analysis and visual inspection of membrane surface coupled with scanning electron 

microscopy (SEM), energy diffusive x-ray (EDX), Fourier Transform Infrared (FTIR) 

spectroscopy and contact angle measurements were applied for surface assessment in all cases. 

Membrane performance was restored by the online management of flush cleaning and using 

preservation techniques. After initial operation with treated effluent, used membranes were 

preserved in air-tight containers and analyzed for pH of the solution continuously to save the 

membrane from low pH damages due to air oxidation and pH reduction.  
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The study of RO membrane foulant analysis and performance restoration in the environment of 

industrial fruit processing wastewater tertiary treatment has received minimal attention. The data 

generated and technique developed for the membrane performance restoration and preservation 

will assist the IP in their sustainable operations. Other processors may also consider the 

preservation and performance restoration technique for wastewater tertiary treatment at their 

industry.  

 

5.2. Materials and Methods 

Methods included the (i) operations of RO using synthetic effluent feed, (ii) RO operations feeding 

with actual MBR effluent, (iii) RO experiments using treated MBR effluent feed, (iv) membrane 

preservation and performance restoration (online management), (v) foulant analyses on the 

surfaces of: (a) membrane operated with actual MBR effluent, (b) operated with treated MBR 

effluent, (c) flushed-clean membrane, and (d) virgin membrane for comparison. Biofouling 

assessment and characterization of membrane surface using the contact angle method was 

conducted.  

 

5.2.1:  RO experimental setup 

RO system setup as shown in Figure 5.1 was used for continuous operations using different 

effluents. Filmtec polyamide thin film composite (PA-TFC) extra-low energy (XLE) RO 

membrane model (BW30XLE), that is in use at the IP site was the membrane in all the 

experiments. Polysulfone is the base material configuring the membrane. Surface foulant 

collections may contain slight inclusions of membrane materials (polyamide and polysulfone mix), 
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which would be a usual situation. Operating pressure, as recommended by membrane 

manufacturer, was maintained to about 125 psi at all the time. 

 

 
 

FT = Feed tank 

SV = Suction valve 

DV = Drain valve 

HPP= High pressure pump 

VFD= Variable frequency 

drive 

SRV= safety relieve valve 

 

BV = Bypass valve 

FV = Feed valve 

FM = Flow meter 

PI = Pressure indicator 

RV = Reject valve 

ND = Needle valve 

 

CS = Cooling system 

PB = Precision balance 

DL = Data logger 

TS = Temperature sensor 

Al = Automatic logging 

Figure 5. 1: Schematic flow diagram of RO experimental unit set-up 

 

5.2.2 Synthetic effluent  

Operations of RO using synthetic effluent would provide the information on impacts of individual 

contaminant towards membrane fouling and applicability of online management to restore RO 

membrane performance. Synthetic effluent was prepared by adding inorganic and organic 

ingredients to mimic the specifications of actual effluent. Different concentrations of SMP and 
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EPS components including inorganic chemicals were added at varying concentrations to mimic 

desired specifications, which was detailed in Table 3.1, earlier.  

 

Bovine Serum Albumin (BSA) provided the protein component. As humic substances, either of 

humic acid or humic acid-sodium (Na) salt was used. One of the three saccharides (1) D-lactose, 

(2) Dextrose and (3) Dextran was used as a hydrocarbon. The ranges of protein, humic substances 

and hydrocarbon contents in the actual effluent were followed, which were mainly determined by 

recommended methods and validated TOC measurements for both synthetic and actual MBR 

effluents.  

 

Parametric investigation and development of various pretreatment techniques - enhanced 

coagulation and selection of efficient high rated granular activated carbon sorption outlined in 

Chapters 3 and 4 - were applied to treat the synthetic and actual MBR effluent.  Enhanced 

coagulation coupled with liquid phase amorphous and solid-phase GAC sorption provided a 

pretreated feed from actual effluent, with desired quality (NTU <0.3, TOC <5) for RO operations. 

Enhanced coagulation did not perform well in the reduction of turbidity from synthetic effluent 

containing protein materials, which might promote fouling. However, to assess the prediction and 

impacts of other SMP components, RO operations using synthetic effluent was planned. 

 

5.2.3 Foulant analyses and RO operations 

Foulant analyses were conducted for membranes operated with actual MBR effluent and treated 

effluent. Surface analyses were also conducted for the flush-cleaned membrane and the virgin 

membrane to compare the impacts of treatment and flush-cleaning with the virgin membrane. 
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Feedwater turbidity was maintained to <0.3 NTU except for synthetic effluents. However, the 

surface of membranes operated with synthetic effluent was only physically inspected and 

photographed. No FTIR or SEM analysis was conducted as was not considered as a main-stream 

RO feed.  

 

The RO operating feed pressure for all the cases was 125 psi as prescribed by the membrane 

manufacturer. The feed flow was about 2.54 LPM (0.67 GPM). Membrane materials were PA TFC 

(Polyamide thin film composite) structure. The membrane was fed without any up-stream pre-

cartridge filtration (10 µ), which is normally used at the suction of RO HPP (high-pressure pump) 

at the real plant site. Full details of the RO experimental plant setup used in this study are presented 

in Figure 5.1. Both permeate and rejects were returned to feed tank for circulation operation. Prior 

to recirculation to feed tank, reject temperature was controlled (reduced) to adjust with feed 

temperature. After a couple of hours, as required, the actual MBR effluent feed in the feed tank 

was changed with a fresh one. The RO operations were continued uninterrupted until the desired 

hours of operation are achieved.  

 

Feed and permeate flow, conductivity, along with reject flow and temperature were measured 

continuously. Permeate flow was normalized to 25 °C for all batches of operations using 

temperature normalization factors collected from the membrane supplier. After the desired hours 

of operations, membranes were preserved in air-tight containers in deionized water at pH between 

4.5 to 7.0.  The preservation water was replaced weekly with a fresh solution.  After 3-4 months 

of preservation, the used membrane was operated to verify its performance restoration.  
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The technique applied for the collection of fouled membrane surface materials: Foulants were 

scraped off from the surface and dried prior to inorganics analyses. The analyses consisted of 

visual, physical and chemical as well as microscopy and EDX. The respective membrane samples 

were cut and dried for the SAM EDX assessment. Some of the residues scraped from the surface 

of the membrane were smeared onto a window of KCl and analyzed using FTIR spectrometer and 

an associated infrared microscope to identify organic structure and functionals of foulants. The 

spectra were compared with known compounds in databases to get a match or closest match to a 

known structure.  

 

Bacterial enumeration was conducted following the recommended procedures (Farooque et al., 

1997) by obtaining aseptically pieces of membranes and soaked in sterile effluent. The foulant 

attached to the membrane piece was scraped out aseptically and transferred to a test tube and 

mixed on a vortex mixer. Serial 10 folds dilutions were carried out to determine the number of 

bacteria per unit area of the membranes. Pour plate counts were employed in AC Agar for 

microbiology and count was determined following 48 hours incubation at 35 °C. 

 

5. 2.4: Online management and performance restoration  

RO membranes online management and related performance restoration sequences were discussed 

earlier. With the existing feed characteristics, frequent fouling of the RO membrane at the IP site 

is occurring. Online management is not successful, and consequently, performance restoration is 

dependent on chemical cleaning. 
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Restoration by weekly cleaning as used at the plant site is consists of 1-hour circulation at high pH 

(12) adding NaOH for clean-up of organic foulants followed by subsequent 1-hour recirculation 

with fresh water at pH 7 to bring the system at the neutral pH range. In the 3rd hour, cleaning at 

low pH (3-4 by adding HCl) is conducted by recirculation to remove inorganic foulants. To bring 

the pH at the neutral range, the 4th-hour circulation is maintained at pH 7. Cost component 

information reveals that it requires about 2x45 man-hours. So, in addition to chemical costs, costs 

for 90 hours man-hour @ $60/h are be compounded along with costs of plant unavailability and 

pre-mature membrane replacements. In spite of incurring all those costs, performance restoration 

could not be achieved by cleaning, while flux declination continued. 

 

Application of other chemical agents such as citric acid (1% wt.), detergent (0.5% wt., at pH 11 

by adding NaOH), sodium bisulfite (SBS, 0.5% wt.) and sodium hexametaphosphate (SHMP, 1%  

wt.) as noted by Farooque et al., (1997) for similar fouling (biofouling) problem at a seawater 

environment was also not very successful for full restoration. However, some of the cleaning 

protocol is often set by manufacturers and may use proprietary cleaning agents, limiting the use. 

As cleaning involves economic and environmental burden without any assurance of restoration, 

non-chemical online performance management using high flow flushing along with preservation 

and performance restoration of the used membrane was investigated in this study. 

 

5.3.  Results and discussions  

Results on completed experiments are outlined in this section including RO operation on synthetic 

and actual MBR effluent followed by membrane surface foulant analysis, online performance 
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management, performance restoration, and used membrane preservation. Characterization of a 

fouled membrane, including comparison with virgin membrane surface, are also conducted. 

 

5. 3.1:  RO operations feeding with synthetic effluent  

The requirements of R&D using synthetic effluent and preparation of synthetic effluent were 

discussed. Operations of RO feeding with synthetic effluent revealed that membrane flux decline 

is very sharp, about 58% of initial flux declined from 2.69 mL/min (36.6 LMH) to 1.15 mL/min 

(15.8 LMH) within <40 hours of operations. For simplicity and easy understanding flux (LMH – 

L/m2/h ) is reported as (mL/min) is used in all figures. Figure 5.2 shows the RO performance in 

terms of permeate flow vs operations hours for treated and untreated synthetic effluent.  

 

 

Figure 5. 2: Performance of synthetic effluent operated membranes 

 

Pretreatment of synthetic effluent by adding alum (80 mg/L) along with chitosan (38 mg/L) 

improved effluent quality along with a reduction of conductivity from 2200 µs/cm to about 431 

µs/cm and turbidity from 10 to 0.50 NTU, but without any improvement of flux decline in RO 

Untreated effluent 

Treated effluent 
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operations as shown in the Figure 5.2. The synthetic effluent contains TSS, color (10 Pt-Co) 

colloidal materials (NTU 10), macromolecular SMP and EPS components (protein, carbohydrate, 

and humic substance), which were added during preparation. Most of the contents in synthetic 

effluent dropped down significantly except protein, which caused the RO flux decline in the case 

of RO operations with synthetic effluent. It led to the conclusion that macromolecular SMP 

components, specifically Bovine Serum Albumin (BSA) were not sorbing either by liquid 

amorphous phase or solid-phase GAC surface. However, micromolecular EPS < 0.04 µ size (MBR 

pore size), if any, were sorbed (Jamaluddin et al., 2019). 

 

The adverse impact of protein was also noticed earlier, where protein increased the turbidity and 

was difficult to reduce by enhanced coagulation. The observed RO flux decline due to protein can 

be attributed to the lower effectiveness of turbidity reduction in pretreatment, which caused RO 

fouling. However, humic substances are removed by both the enhanced coagulation and the RO 

filtration (Agui, et al., 1992), which is less involving in flux decline.   

 

5.3.2  RO operations feeding with actual MBR effluents  

A series of experiments were conducted, operating RO feeding with actual MBR effluent. In all 

cases, there observed a gradual decline of flux, which indicated that membranes were getting 

fouled. Figure 5.3 shows two typical experiments: evaluating the performance of RO on actual 

MBR effluent at different dates.  

 



105 
 

 

Figure 5. 3: RO performance on actual MBR effluent 

 

The upper one (1st effluent) having effluent TOC of 88 mg/L provided slightly higher permeation 

compared to a lower one (2nd effluent) with TOC about 275 mg/L. Other parameters including 

color, COD, and TDS was also higher in 2nd effluent to about 21 Pt-Co, 550 and 682 mg/L, 

respectively, which contributed to lowering the permeation from the 2nd effluent. The rate of flux 

decline was almost similar. The flux from 1st effluent reduced to about 64% in 110 hours of 

operations, while that of 2nd effluent reduced to about 50% in only 69 hours of operations. Thus, 

it may be concluded that flux decline is dependent on actual MBR effluent DOM concentration, at 

high in the DOM contents, the quicker/steeper the flux decline.  

 

After 80 hours of operations, the first membrane was flushed for 5 minutes at a higher flow (3.4 

LPM) low-pressure feed to disrupt foulant and restore membrane performance. A small increase 

in flux rate was observed for a short period of time. In a similar operation, by increasing the 

flushing velocity from 85 to 225 cm/s, significantly positive results were reported (Braghetta et 

al., 1998). Flux decline rate was higher with synthetic effluent compared to actual MBR effluent, 

due, most probably, to the presence of macromolecular organic compounds of SMP and EPS in 

TOC 275 mg/L 

TOC 88 mg/L 
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the synthetic effluent, which caused about > 70% flux decline in less than 70 hours in some cases. 

Higher flux decline at high initial flow and pressure is a general trend, where high-pressure 

compaction and cake layer scaling is the cause of the decline. This was not the case in the present 

study.  

 

Severe flux decline from inorganic Ca scaling was reported by others (Tang et al., 2007b), which 

was obvious as calcium (Ca), magnesium (Mg), and silica (Si) are well-known membrane foulants, 

forming hard scaled cake layer. However, such fouling was not present in the present study.  

 

5.3.3  RO operations feeding with treated effluent  

Utilizing the treatment strategy discussed earlier, actual MBR effluent was treated by enhanced 

coagulation followed by GAC sorption. Treated MBR effluent had a TOC of about 2 mg/L and 

turbidity about 0.28 NTU, which were well below the recommended characteristics of RO feed 

(TOC <5 mg/L and turbidity <0.3 NTU). RO operations feeding with treated effluent showed 

steady performance in terms of permeate flux/flow vs operations hours. However, there observed 

a slight decline in flux after about 90 hours of continuous operations. Low pressure and high flow 

feed flushing for 5-10 minutes restored the declined flux to its original position (Figure 5.4).  
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Figure 5. 4: Performance of RO operated with treated effluent 

 

Flushing results suggested that intermittent programmed flushing can be implemented to maintain 

steady membrane performance. Surface deposits were loosely attached and could easily be 

removed by hydrodynamic disruption of deposit materials without using any chemicals leading to 

a successful on-line membrane performance management and restoration. Avoiding the use of 

chemicals will save the environment from cleaning waste disposal along with the benefits of 

reduced operations costs. Treated effluent conductivity was not a concern as it was very low (400-

500 µs/cm) in all cases. The RO permeate conductivity reduced to10-15 µs/cm after RO filtration 

resulting in about 98% rejection.   

 

5.3.4 Membrane preservation and performance restoration 

RO membrane plants (or any other process plants) require breaks or shutdowns most often for 

different reasons including maintenance, foulants cleaning, membrane changeover, feed water 

quality rectification, and annual shut down for overhauling. Most of the cases, membranes are left 

as it was during operation in the system, without taking any precautionary measure to protect the 
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membrane in shutdown conditions. At this condition, immediate after shutdown, there exists 

foulant materials on the surface of the membrane, and the membrane remains flooded with brine 

that contains a high concentration of foulants, those were rejected by membrane during operations. 

In presence of those foulant materials including adverse quality solution around and inside the 

membrane, the reaction of membrane materials with the foulant including biofouling starts and 

blocks the membrane pores by forming a permanently fixed layer on the surface.  

 

As a result, the membrane deteriorates with its physical properties and ultimately loses the 

permeation power. In such an event at a larger plant, complete performance inability from the RO 

membrane costs millions of dollars to the owner (earlier experience at 30 MIGD Saudi Yanbu RO 

plant). So, in addition to fouling, an un-attended membrane without precautionary preservation 

will cause great damage to RO membrane permeation power. As a preventive measure, the 

membrane should be preserved in a suitable/recommended solution. Immediate after shutdown, 

the membranes should be flushed with a preservative solution and left flooded with the solution, 

that keeps the membrane wet without material damage from dryness. Hassan et al., (1997) tried 3 

biocides as preservation chemicals, but found that simple RO permeates or DI (deionized) water 

at the neutral pH could be a suitable membrane storage solution. Due to air oxidation, the storage 

solution pH might fall below 4, which would deteriorate membrane property. So, it was 

recommended to store membranes at an airtight condition to keep out of the reach of air, as stored 

in the present study. 

 

Several RO membranes after operations feeding with treated effluent for about 100 hours were 

preserved in DI water at an air-tight container. The pH of the preservative was monitored 
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continuously to maintain in the neutral region and changed twice/thrice in a month with fresh DI 

water. After two conjugative months, they were evaluated again feeding with similar treated MBR 

effluent. Membrane performances remained unchanged during 4 months of preservation. Figure 

5.5 shows such an operation with membrane performance, which can be compared to Figure 5.4 

with initial performance on treated effluent as feed.  

 

Figure 5. 5: Performance of preserved membranes 

 

 

It reveals that initial performance in Figure 5.4 and performances in Figure 5.5, after 3-4 months 

of preservation, remained almost the same. Intermittent flushing as shown in Figures 5.4 and 5.5 

restored the performance by online flush-cleaning. Thus, online flushing proved to be a good 

restoration technique for steady membrane performance. This technique would help the IP for the 

preservation of their membrane and restore its performance as or when required. Typical data on 

different operations are placed in Appendix 5A. 

 

Flush cleaning 
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5.3.5 Foulants analyses   

In all applications, the RO membrane gets deposits on its surface in course of operations. 

Depending on characteristics of the deposit, the membrane gets fouled either reversible or 

irreversible including physical impairments. Characterization of deposits on the membrane surface 

is essential to plan a strategy of operations as well as decide the types of precautions or 

pretreatment needed. Visual inspection of all the membranes operated in this study showed that no 

physical damages occurred. There observed thick reddish-brown deposits, which were denser in 

case of synthetic effluent compared to actual MBR effluent indicating that the membranes were 

fouled from the untreated feed. However, unlike biofilms which are very sticky to the surface of 

the membrane, the observed deposits could be easily scraped off the surface. In the case of 

synthetic effluent, foulants were known from chemicals addition, so further analyses were skipped.  

 

5.3.5.1:  Foulants on actual MBR effluent operated membranes 

Figure 5.6 shows a surface photograph (left) and a light micrograph (right) of foulants accumulated 

on the RO surface when operated with actual membrane effluent. The physical appearance of 

collected foulant was amber in color appeared to be sheets of amorphous materials with some 

inclusions. The presence of some carbonate materials was presumed as mild bubbling reaction 

occurred when had treated with concentrated hydrochloric acid. No plant materials were noticed 

in the foulants. 

 

Foulant material analyses using SEM with an X-ray microanalysis system revealed elements of 

oxygen (O), iron (Fe), zinc (Zn) silicon (Si), aluminum (Al) and sodium (Na) along with smaller 



111 
 

proportions of Ca, Mg, phosphorous (P), Sulphur (S), potassium (K) and copper (Cu) as shown in 

Figure 5.7.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 6: Photograph (left) and light micrograph of foulant on RO surface from actual MBR 

effluent 
 

 

Figure 5. 7:EDX-ray spectrum of foulants collected from RO surface operated with actual 

effluent 

 

Majority of these elements could be attributed to corrosion product from system components of 

galvanized (Zn-plated) iron/steel materials. Visually observed corrosions of vessels and piping at 

 
Foulant on membrane surface 

 
Light micrograph of foulant 



112 
 

the plant supported the assumption. However, the high pick of oxygen, associated hydrogen, and 

carbon revealed the alcoholic, acidic and amine functionality of organic compounds both from 

foulants and membrane materials. 

 

Figure 5. 8: FTIR spectrum from foulants on RO surface fed with untreated MBR effluent 

 

Foulants analyses using FTIR spectrometer and associated infrared (IR) microscopy also discussed 

in Chapter 6 is shown in Figure 5.8, in which significant peaks are identified by arrow lines. The 

spectra showed functional groups of foulants over the membrane surface. The peaks do not 

represent a single compound, but a mixture of compounds. The peaks at about wavenumbers of 

1040 and 2940 cm-1 indicate the presence of polysaccharide like materials. A very broad peak in 

the region between 3100 and 3600 cm-1 indicates the presence of exchangeable protons, typically 

from alcohol, amine, amide, or carboxylic acid having -OH, -NH2, -CONH-, or -COOH 

functionality, respectively (Marlic C. et al., 2001). Peaks at 1550 and 1640 cm-1 were pieces of 

evidence of the presence of protein like materials (Jarusutthirak and Amy 2006), reasonably 

correspond to the building block of bacterial cell walls, which transmitted to SMP through the cell-

lysis process. Foulants were concluded with polysaccharides and amino sugars (building block of 

protein) major. Zhu et al, 2011, found protein-like substances, polysaccharides, and SMP like 

materials by FTIR analyses from fouled RO membrane fed with wastewater MBR effluent. 
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Observations with FTIR analyses are in agreement with the DOC (80-90 mg/L) and EPS 

measurements result in the actual MBR effluent water. The amber color indicated the presence of 

humic substances. 

 

5.3.5.2   Foulants on treated effluent operated membranes 

Figure 5.9 shows the surface photograph (left) and light micrograph (right) of foulants on the 

surface of the RO membrane operated with treated effluent. The material was scraped from the 

surface and assessed using SEM-EDX. Figure 5.10 shows the scanned micrograph of materials, 

which composed primarily of Al, Fe, S, C, O, Zn, Si, P and a trace amount of Ca. Observed Fe and 

Al was an obvious part of coagulants added for treatment and maybe in the form of alumina 

(Al2O3) and iron oxide (Fe2O3), which escaped from precipitation during coagulation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 9: Photograph (left) and light micrograph of foulant on RO surface fed with treated 

MBR effluent 

 

Visually there appeared to be a very small amount of foulants on the membrane surface when 

operated with treated effluent. Compared to foulants observed on the surface of actual MBR 

effluent operated membranes, observed foulants were remarkably reduced. However, the material 

was very hard to remove and appeared to be largely just pale yellow-orange color staining on the 

surface, translucent with amber to yellow shines. The yellow staining was observed on the top 

 
Foulant on membrane surface 

 

Light micrograph of foulant 
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layer of the sulfone base membrane possibly from iron and zinc salts; however, no metal 

particles/dust was noticed.  

 

Figure 5. 10: EDX-ray spectrum of foulants on RO surface from treated MBR effluent 

 

In comparison to actual MBR effluent, there observed a significant reduction of Si (from 1500 to 

400 counts), Ca (from 400 to 100 counts), and O (from 4200 to 1000 counts). The reduction of O 

and H were indicative of lower organics. A consequent remarkable reduction in irreversible 

foulants compared to actual MBR effluent. Calcium and Si are the two members that generally 

promote hard scaling, reduced substantially. Analyses using FTIR showed that the functional 

curves have the closest match with poly-sulfone polymer as shown in Figure 5.11. Poly-sulfone is 

a part of membrane materials, a base on which polyamide polymer was cast during membrane 

manufacturing. In the absence of organic foulants, loosely bound metallic depositions were easily 
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removed during a flushing operation, as discussed earlier. It may be mentioned here that no CF 

(cartridge filter) was used ahead of the RO membrane at bench-scale experiments.  

 

 

Figure 5. 11: FTIR spectrum from foulant on RO surface flushed at low pH after operation 

feeding with treated water (upper curve), the foulant has the closest match with polysulfone 

(lower one) 

 

In an actual plant, there should be a mandatory 10µ cartridge filter (CF) ahead of RO high-pressure 

pump. Therefore, it is obviously expected that in a real plant, CF might take care of those loose 

depositions on the membrane surface by screening out in advance by 10 µ CF filtration before 

reaching to RO membrane. Flushed cleaning may not be needed or can be significantly reduced in 

the real plants.  

 

5.3.5.3    Foulants on flush-cleaned membranes 

After high flow flushing, the membrane surface became very clear. Scraped materials from the 

membrane surface were very clear to white powdery, which could be attributed to the alum 
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amorphous products (turns to white powdery after drying). Figure 5.12 shows the photograph (left) 

and light micrograph (right) of surface materials. There appeared to be no collectible material or 

residue on the surface of the membrane. The material scraped from the surface of the flushed 

membrane was analyzed using SEM-EDX. Figure 5.13 shows the results, which revealed Al, Si, 

C and O with traces of P, Fe, Ca and Zn having no significant fouling impacts. Al and Si are from 

coagulants and C & O are elements of membrane materials.  

 

 
 
 
 
 
 
 
 

 

 

 

Figure 5. 12:Photograph (left) and light micrograph of foulant on RO surface after high flow 

flushing during operation with treated MBR effluent 

 

 
Figure 5. 13: EDX-ray spectrum of foulants on RO surface after high flow flushing during 

operation with treated MBR effluent 

 

 

Foulant on membrane surface 

 

Light micrograph of foulant 
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Figure 5.14 shows the FTIR analyses of surface materials. The closest match of these materials on 

FTIR spectral analyses was found with an amine-based activator in the database. The curve, most 

presumably, resulted from poly-sulfone and polyamide mix (membrane materials), that collected 

from membrane surface by deep scrapping. The membrane was made of poly-sulfone base ply 

amide, used in this experiment. Although traces of an amine/amide (membrane material) along 

with aluminum salts were assumed, no metal particles or dust were noticed in the surface material. 

Very low dissolved organic carbon (2 mg/L) was present in the treated feed, which does not 

support any effluent originated organic fouling. Organic peaks were attributed to membrane 

materials only.  

 

 
Figure 5. 14: FTIR spectrum from foulant on RO surface operated with treated effluent (upper 

curve), the foulant has the closest match with an amine-based activator (lower one) 
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Figure 5. 15: EDX-ray spectrum of virgin RO membrane surface materials 

 

5.3.5.4:  Virgin membrane surface examination 

The top layer of a virgin RO membrane was also analyzed for comparison of SEM-EDX and FTIR 

results with those foulants from treated effluent and flushed-cleaned membrane surfaces. Figure 

5.15 shows the SEM-EDX from a virgin membrane, while Figure 5.16 is a comparative assessment 

of the three FTIRs: the virgin, treated effluent operated and flush-cleaned membranes. SEM-EDX 

of virgin membrane showed S, C, and O with a trace of Si and Cl, which were elements from 

membrane materials, poly-sulfone based polyamide. Poly-sulfone is a sulfur-based polymer 

represented by a high peak of S, while C and O are elements of organics of membrane materials. 
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Figure 5. 16: Comparison of FTIR spectrum from (a) RO membrane surface material while 

operated with treated effluent (b) after high flow flushing during treated effluent operation and 

(C) virgin RO membrane surface material 

 

5.3.5.5:  Bio-fouling evaluation 

The positive results of the flush-cleaning suggested that foulants on membrane surface from treated 

effluent operated membrane were loosely attached. After flush-cleaned, the membrane 

performance returned back to its original position. Biofouling is a bio-film problem (Flemming, 

1997), which is sticky to the surface and not so easily removable. Usually, the bio-fouled 

membrane on which the biofilm is formed tends to contain above 70% of organic matter 

(Flemming, 1993). FTIR analyses did not show any extra organic on the membrane surface other 

than membrane materials. So, biofouling possibility was ignored. In addition, while treated 

effluent was stored for about 5 months there observed no change of initial TOC (2 mg/L) 

suggesting that it had no biodegradable organic matters (BOM), and for this reason did not 

propagate biofouling process on the membrane surface. On the other hand, the latest collection of 

actual MBR effluent revealed the presence of remarkable BOM as initial TOC increased from 200 
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mg/L to 360 mg/L in 3 weeks storage time, suggesting having high biofouling potentiality, unlike 

treated effluent where almost all the BOM was removed during treatment.  

 

5.3.5.6  Membrane characterization by contact angle  

The line of demarcation between hydrophobicity and hydrophilicity is reported to be 50° contact 

angle with water on the membrane surface (Childress and Brandt, 2000). With this demarcation, 

the contact angle slightly above 50° is slightly hydrophobic and slightly below 50° is slightly 

hydrophilic in nature. This report contradicts with the measured contact angle for virgin membrane 

(77°-79°), actual MBR effluent operated (28°) and Flush-cleaned (76°-79°). It appeared the 

opposite of reported hypotheses probably true for the fouled membrane in this study. It is obvious 

that the fouled membrane operated with actual MBR effluent should develop a hydrophobic nature 

due to fouling, but a 28° contact angle represents a hydrophilic membrane according to the report. 

A review of the results shows a substantial change in contact angles between virgin and MBR 

effluent operated membranes. Membranes after operating with treated effluent when flush-

cleaned, returned to almost their original contact angle. Results reveal that contact angle was 

substantially changed/reduced after membrane got fouled, but when the surface was flush cleaned 

during online management, the contact angle value returned back to the original virgin membrane, 

which suggests that the online management is successful. Figures of contact angles are shown in 

Appendix 5B. 

 

5.4:  Conclusions 

The effectiveness of the developed post-treatment techniques for MBR effluent was successfully 

verified in respect of sustainable permeation and performance restoration. Results from RO 
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operations using treated and untreated effluents revealed that operations with steady RO 

performance were challenged by foulant deposits on the membrane surface, which can easily be 

resolved by post-treatment of MBR effluent by the assessed enhanced coagulation-GAC sorption. 

If this treatment is applied, any decline in the flux of RO can be restored back simply by applying 

online flushing at higher flow to remove loosely bound deposits on the membrane surface. At 

offline/online conditions, the used membrane should be preserved in a permeate solution to keep 

membrane permeation power intact without any deterioration. The IP and other processors in the 

sector will be benefited from the study outcomes to maintain sustainable management of fruit 

wastewater. Several recommendations are made, which could be instrumental both for the IP and 

the sector. 

• To resolve the issue of RO membrane fouling and subsequent flux decline, removal of 

dissolved organic matters (DOM) from the effluent by enhanced coagulation-GAC 

sorption was successful. This treatment fulfilled the objective of a best management 

practice (BMP) to reduce/remove soluble microbial products generated DOM from the 

MBR effluent, there resolved frequent fouling and cleaning problems. 

• The composition of foulant deposits on the membrane surface was as a function of MBR 

effluent DOM and treatments applied. The BMP treatment removed most of the DOM, the 

fouling materials, and provided a foulant free feed to RO. 

• Foulants from the treated effluent-operated RO membrane showed the deposits were 

loosely attached to the surface, which could easily be removed by online flushing, and no 

sign of bio-fouling or organic deposits was noticed. 

• Preservation and on-line performance restoration by flushing maintained a steady permeate 

flow even after months of membrane preservation. Deionized water at the neutral pH, free 
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from air oxidation, was proved to be a suitable preservative for used membranes. The 

preservation solution should be replaced weekly and pH should be monitored regularly to 

be within 4-7. 

• A high flow intermittent flushing for 5-10 minutes is suggested to be incorporated in 

programmed operations to maintain steady permeate flow maintaining a sustainable 

production of quality water from post-treated MBR effluent. 
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Chapter 6: Reuse of MBR effluent from fruit processing wastewater 

containing high dissolved organic matter 
 

Chapter 6 outlines the integrated reuse management of fruits processing wastewater membrane 

bioreactor effluent introducing components of best management practices developed and discussed 

in Chapters 3, 4 and 5. It covers enhanced coagulation, solid-phase GAC sorption, and RO 

performance restoration management, respectively. Using integrated best management practice 

(BMP), a remarkable reduction of DOM from MBR effluent was achieved, which facilitated steady 

permeation from the RO membrane. The chapter shows the results obtained from the BMP-RO 

integrated operations and concluded with the outcome. This work was presented at the CSCE 

Annual Conference, Laval, Greater Montreal, June 12-15, 2019.  

 

• Jamal Uddin, A.T., Zytner, R.G., Warriner, K., & Singh, A. (2019).  Reuse of MBR effluent 

from fruit processing wastewater containing high dissolved organic matter. Presented at 

the 2019 Annual Conference, Canadian Society for Civil Engineering, Laval, Montreal 

June 12-15, 2019 

 

6.1:  Background 

Industrial partner (IP), is an apple sorting and juicing facility in Ontario. They use a substantial 

amount of water (± 45 m3) every day for the growing, hydro-conveying and cleaning of their apples 

including cider (juicing) processes for apple, pear and sometimes cranberry, along with the 

pressing and chemical cleaning at the various stages of processing. The facility is facing RO 

membrane fouling that requires weekly cleaning, reducing plant availability along with a 

substantial operational budget that has hindered the water reuse program. Examinations of the 

MBR effluent show high concentrations of low molecular soluble microbial products (SMP). 
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These SMP causes the observed fouling. Additionally, the IP has fruit changeovers during the year, 

which means the wastewater characteristics vary based on fruit type, which further destabilizes the 

biological treatment process in the MBR.  As a result, the SMP and extracellular polymeric 

substances (EPS) make their way through the 0.04 µ MBR UF membrane pores to MBR effluent. 

These materials are subsequently captured on the RO (100 Da) membrane surface during the final 

stage of treatment. 

 

The SMP present in the MBR effluent is a group of organic compounds that include carbohydrates, 

humic acids, and protein type materials along with trace amount of lipids, nucleic acids and some 

polysaccharides as reported by many researchers (Jarusutthirak and Amy 2006; Haberkamp et al. 

2007). These compounds are generated by bacterial metabolism on biodegradable organic matters 

(BOM) through biomass growth, decay, and cell-lysis processes, which also produce soluble EPS. 

They are hydrophobic, non-reactive to chemical and biological processes, and when combined can 

be considered as total organic compounds in effluent. These materials have the potential to adhere 

to the membrane surface and ultimately block the permeation passages. Fouling caused by SMP 

materials is irreversible, needing early replacement of membranes, which incur increased 

operational costs. The completed research was targeted to remove/reduce these foulants from the 

effluent by developing and utilizing a best management practice to treat the effluent prior to 

filtration by the RO membrane, providing a sustainable operation with water reuse management. 

 

In respect of fruit change impacts assessment, comparative characteristics evaluation of an apple 

and pear juice reveal remarkable differences of higher contents of dissimilar substances, such as 

sorbitol and vitamin C in pear juice. In practice, this results in a lower pH in the case of pear 
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operation. The supernatant pH from the apple wastewater reactor was 8.9, while that of pear 

operation was 7.8, which subsequently reduces further due acidogenesis in the process. Lower pH 

in pear effluent exhibits an acidogenic environment in the reactor, which reasonably shifts or 

impacts the existing micro-floral activities at higher pH with an apple processing when the fruit is 

changed. Some bacterial growth inhibition has been reported to be enhanced by sorbitol (Liu et 

al., 2015). Production of more carbohydrates and uronic acid contaminations of EPS may also 

occur. All those components with low molecular size will be present in the MBR effluent. 

 

6.2:  Literature review 

In general, the volume of suspended solids (SS), size and ionic properties require a strategy for the 

proposed treatment. Conventional coagulation-flocculation-sedimentation and filtration, sorption-

sorption, ion exchange, bio-filtration, slow sand filtration, advanced oxidation processes (AOP), 

dissolved air flotation (DAF), electrocoagulation and membrane filtration are all potential 

treatments. It was reported that aluminum in the form of poly aluminum chloride removed about 

93%, 56% and 32% of color, COD and NH3, respectively, from leachate (Aziz et al., 2009). 

Chitosan aided polymeric bridge was identified by size analysis, which increases floc size in the 

flocculation process resulting in efficient coagulation (Ng et al., 2018). Over 90% of organic 

(Humic) removal was claimed by applying 20 mg/L dosages of each of Alum or FeCl3, at pH 7 

treating pulp wastewater (Hong et al., 2003). DAF has also reported use for lighter colloidal 

particle reduction (Edzwald, J. 2007, 1995). 

 

In the coagulation of larger TOC compounds, alum together with ferric chloride can be used (Shon 

et al. 2007; Jarusutthirak and Amy 2006), while activated carbon sorption removes smaller 
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organics as well as pharmaceutical organics (Bonvin et al. 2018, Jarusutthirak and Amy 2006; 

Snyder et al. 2007b). Enhanced coagulation has reported success in the reduction of DOC 

(Edzwald and Tobiason, 1999; Edwards, 1997).  Granular activated carbon is normally used for 

drinking water application (USACE, 2001) for the high removal of organic contaminants. In the 

present study, processes removing organics were further evaluated for optimized application. 

 

The foulants on the membrane surface are typically polysaccharides, proteins, and amino-sugar, 

while the intensity of fouling depends on their concentrations in SMP (Juang et al. 2013; 

Jarusutthirak and Amy 2006; Yao et al. 2011). Protein fouling was observed by municipal 

wastewater effluent (Juang et al. 2013). Nonpolar hydrophobic organics are the components that 

attach to the membrane surface, ultimately plug the membrane pores and causing a decline in the 

permeation power of membrane. Accumulation of dead microbes forms a gelatinous slime of 

decomposing bacteria on the membrane surface, which inhibits water passage. Foulants 

accumulated in the cake layer of membrane surface revealed mostly the compounds like 

polysaccharides, proteins, and aminosugar (Jarusutthirak and Amy 2006). Polysaccharides and 

aminosugars are reported to be the critical membrane foulants. 

 

Therefore, MBR effluent should be free from nonpolar hydrophobic contaminants.  In general, the 

turbidity of feed water should have <0.4NTU, TOC<5 mg/L, BOD5<5 mg/L, TSS<10 mg/L for 

the long-term steady performance of RO membrane (Davila and Sparks, 2003). Efficient MBR 

performance appears to be a vital factor for steady RO performance. After the effective removal 

of hydrophobic and biodegradable organic compounds by MBR, the remaining trace hydrophilic 

organic compounds were reported to be removable by the RO membrane. Alturki et al. (2010) 
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showed with a lab-scale investigation it is possible to reduce DOM from the MBR effluent, 

followed by removal via the RO membrane.  

 

Enhanced coagulation (EnC) is a USEPA regulated drinking water treatment strategy to reduce 

TOC/DOM, turbidity particulates and residual coagulant (Edzwald and Tobiason, 1999). The pH 

and coagulant dosages are interrelated for the precipitation of amorphous solids from the coagulant 

hydrolysis reaction (generally, Al-hydroxide or ferrihydrite). The maximum solubility of ferric 

solid occurs at about pH 8. The solubility of both Al and Fe hydroxide is minimum at a pH of 6 at 

ambient temperature. Iron hydroxide solubility is lower and considered more efficient in the 

sorption coagulation mechanism in enhanced coagulation, while Al works well for semi polar 

neutralization and coagulation. Stumm and Morgan (1962) noted that coagulation behavior is a 

function of temperature due to the impact on pH. 

 

The literature reviewed was mostly bench scale concerning municipal wastewater effluent. 

Minimal information was found for the fruit processing industry using a MBR - RO system to treat 

the wastewater. As such, any information obtained from this study is unique. 

 

6.3 Methodology 

The premise moving forward was that the bacterial metabolism would be similar to whatever is 

the source of BOM. With this idea, baseline information from municipal biological processes was 

assessed. As SS and turbidity of the IP’s effluent are very low, the only challenge was the removal 

of dissolved organic matters (DOM). Parallel to the evaluation of other technologies, advanced 



128 
 

sorption on an amorphous water phase followed by solid-phase sorption was considered for the 

tertiary treatment for the IP effluent. A summary of areas of experiments can be listed as follows: 

 

Number Area of experiments 

1 Characterization of MBR effluent 

2 Assessment of trace elements, SMP and DOM foulants on the membrane surface  

3 Enhanced coagulation and sorption 

4 Solid-phase activated carbon sorption 

5 RO performance evaluation 

 

6.3.1 Enhanced coagulation and amorphous sorption 

Eight different coagulants and coagulant aids including Chitosan, Poly Aluminum Chloride 

(PACL), Aluminum Sulphate (AS), Ferric Chloride (FC), Poly DADMAC (diallyl dimethyl 

ammonium chloride) (PDM), Poly-Glu (PG), ULTRION 8187 (aluminum chloride hydroxide) 

(UL) and Core-Shell (polymeric latex flocculant) (CS) were evaluated.  Seasonal variations and 

wastewater applications of chemicals were considered.  To predict the interrelation between 

coagulation with amorphous sorption onto the oxide surface, and to optimize the performance of 

DOM removal by EnC, Jar testing was used to identify best conditions for actual and synthetic 

effluent (prepared at lab mimicking characteristics of actual effluent).  Following coagulant 

addition that was 1 min rapid mixing at 100 rpm, 30 min slow mixing at 20-25 rpm and 60 min 

settling sequence. To determine coagulant dosages and DOM removal efficiencies, DOM/TOC is 

measured after each coagulation sequence. To determine alum solubility at equilibrium, gibbsite, 

and amorphous solubility diagrams were followed (Faust and Aly, 1998).  
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6.3.2:  Solid-phase sorption 

Solid-phase sorption onto various activated carbons (AC) surfaces including Norith RB40M AC 

(M1), Char House-BoneChar with Granular Charcoal 20x 60 (M2), Calgon Carbon WHP powder 

activated carbon PAC (M3), CEI-8x30 (M4), Filtra Sorb 300- 8X30 (M5), CEI-12x40 (M6), 

Norith GAC 12x40 (M7), Filtra Sorb 400 -12X 40 (M8), and Anthra-Filter-BC-12X40 (M9) were 

evaluated. The evaluation was carried out both at bench and semi-pilot scale using the mini 

columns maintaining 10 min contact time. The performance of AC was assessed based on the 

reduction of DOM, turbidity, color, and inorganics content in treated water, both at the bench-scale 

and mini column tests. DOM was determined using filtered water to avoid the suspended part. Out 

of nine activated carbons tested, 5 ACs (M3-M6, M8) were procured from the USA, and the rest 

from local vendors.  

 

6.3.3: Evaluation by RO test unit  

To mimic the membrane performances at the IP site, a DOW Filmtec polyamide thin film 

composite (PA-TFC) extra-low energy (XLE) brackish water RO membrane, model (BW30XLE), 

was tested. It had an effective surface area of 5.85 cm x 7.50 cm with a design flux (LMH/bar g) 

of 823-1023/8.6 and a salt rejection 98.7% (NaCl).  The pore size/MWCO was 100 Da.  It was 

installed and evaluated. The experimental set-up is shown in Figure 5.1.  

 

6.3.4  Analyses of foulants on the RO membrane surface 

Foulants accumulated on the RO membrane surface were dried and examined using a dissecting 

microscope. Initial physical observations were noted, and simple laboratory tests were conducted 

such as the addition of hydrochloric acid to dry and crushed materials from the membrane surface 
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to see any bubbling reactions leading to the prediction of carbonate materials. Foulant materials 

elemental analysis was conducted using a scanning electron microscope (SEM) with an X-ray 

microanalysis system to determine elemental compositions. To predict organic functionality 

providing subsequent structural information, Fourier Transform Infrared (FTIR) spectrometer and 

associated infrared microscopy were conducted to obtain comparable reasonable match to a 

compound in the laboratory database. Both the SEM EDX and FTIR analyses were facilitated at 

the U of G Central Laboratory. 

 

6.4:  Results and discussion 

6.4.1: Characterization of MBR effluent 

Analyses of the MBR effluent revealed remarkably variable characteristics. Turbidity, a prime 

parameter for RO operation, was very low, which makes sense considering that the effluent passes 

through a 0.04µ UF membrane. Among the SMP and EPS components, carbohydrates, humic 

substances, and protein type materials were detected with varying concentrations, where humic 

substances had the highest level at 50-70 mg/L. Table 6.1 shows the concentration ranges of the 

various constituents found in the MBR effluent.  Including COD, BOD, TOC, conductivity, TDS, 

EPS, turbidity and pH, almost all parameters varied substantially. Variability in operating 

conditions, short (7 days) SRT (sludge retention time) and pulse feeding (10 min/h) to the MBR 

impacted the effluent, producing variable SMP. In addition, EPS hydrolysis was impacted by pH 

and temperature variations during the fruit change, as discussed earlier, which also added to the 

variability. 
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The MBR effluent also varied due to storage in the lab. A comparison of analyses results as a 

function of sampling date showed variability and a substantial increase in subsequent days of 

storing. Fluctuations varied 80 to 103 mg/L, 12 to 129 mg/L and 25 to 51 mg/L in the three 

samples.  Such behavior could attribute to the high biopotential in the effluent. In addition, BOD 

and COD values in the BMR effluent were high when compared with typical municipal wastewater 

quality.  

Table 6. 1: Characteristics of MBR effluent 

Components Concentrations Components Concentrations 

COD 60 -110 mg/L pH 8.0-9.0 

BOD 40 – 90 mg/L Turbidity 0.1-0.5 NTU 

TOC 17 – 125 mg/L TP 0.67-1.63 mg/L 

UVA 0.17–0.48 TKN 0.20-0.45 mg/L 

Conductivity 800-3000 µs/cm NH3 - N 0.01 -0.02 mg/L 

TDS 500-1500 mg/L Color 14 – 38 Pt-Co 

Protein type materials 1-15 mg/L Carbohydrates 30-55 mg/L 

Humic substances 40-70 mg/L   

 

6.4.2 Assessment of trace elements on membrane surface operated with MBR effluent 

When the RO was operated with untreated MBR effluent, the membrane lost its initial permeation 

within less than 75 hours of operations. During this time, the initial temperature corrected flow 

declined to about 70%, from about 0.98 mL/min flow to 0.30 mL/min.  The amber colour of the 

liquid had an amorphous appearance, which could be attributed to humic and protein materials, 

respectively. SEM-EDX analysis showed predominant elements of oxygen, iron, zinc, silicon, 

aluminum and sodium along with smaller proportions of calcium, magnesium, phosphorous, 

Sulphur, potassium and copper. The majority of these elements could be attributed to corrosion 

products from system pipes/tanks. However, the high peaks of oxygen, associated hydrogen and 

carbon suggest the presence of alcoholic, acidic and amine functionality of organic compounds.  
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6.4.3: Assessment of SMP and DOM foulants on the membrane surface 

Foulant analysis was completed using Fourier Transform Infrared (FTIR) spectrometer and 

infrared microscopy as shown in Figure 6.2.  The spectra show functional groups of foulants over 

the membrane surface. The peaks at wavenumbers of 1040 and 2940 cm-1 indicate the presence of 

polysaccharide like materials. A very broad peak in the region between 3100 and 3600 cm-1 

indicates the presence of exchangeable protons, typically from alcohol, amine, amide, or 

carboxylic acid having -OH, -NH2, -CONH, or -COOH functionality, respectively (Marlic et al., 

2001). The peaks at 1550 and 1640 cm-1 are evidence of the presence of protein like materials 

(Jarusutthirak and Amy, 2006), which reasonably correspond to the building block of bacteria cell 

walls. The FTIR analyses are consistent with DOC levels of 80-90 mg/L and the amber color, 

showing the presence of humic substances. 

 

 
 

Figure 6. 1: FTIR Spectra of Fouled Membrane Operated with Untreated MBR Effluent 

 

6.4.4: Enhanced coagulations and sorption 

The effectiveness of EnC depends on the type and concentration of organics, corresponding 

coagulant dosage and pH (5.8-7.0) along with related alkalinity (0-240 mg/L). Most of the 

collected MBR effluent pH varied from 8-9, consistent with no OH alkalinity, with only M 
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alkalinity present at the lower range (0-120). Interestingly, after the addition of coagulants, effluent 

pH reduced substantially, requiring the addition of alkali to increase alkalinity to a pH range of 

around 6, the desired lowest solubility condition for Al and Fe oxide coagulation. 

 

Through the assessment of different coagulants, enhanced coagulation at a higher dosage of 

aluminum sulfate (90 mg/L) and ferric chloride (55 mg/L) aided by Chitosan (35 mg/L), reduced 

the DOM to about 12% from an initial concentration of 90 mg/L.  The color was also reduced 

substantially. It was observed that the dosing rates of coagulants depended on the DOM 

concentration. For example, at a lower DOM concentration (15-30 mg/L) about 60 mg/L aluminum 

sulfate and 40 mg/L ferric chloride worked well. Adjustment of pH and coagulant concentrations 

was essential to keep the operation line within the region of solid/amorphous phase in solubility 

product diagrams of Al and Fe as outlined in Faust and Aly (1998). Dissimilar to conventional 

coagulation, flocculation, and precipitation, amorphous phase precipitation occurred along with 

organic sorption onto amorphous phase and flocculation, as promoted by controlled Chitosan 

dosage. Sizing analysis (Ng et al., 2018) also suggested that chitosan helped with polymer 

bridging, which leads to an increase in the size of floc, thereby improving the removal.   

 

Optimum dosage and pH were tracked for the experimental temperature to achieve maximum 

reduction of particulates, turbidity, and DOM.  A minimum level of residual coagulant (Al) ions 

in solution were also maintained. All those parameters are analyzed for comparative evaluation of 

trials.  As an average, at an effluent temperature of 15 °C, a pH of 6.3 worked well for efficient 

removal.  Table 6.2 shows the summarized results of coagulation for effluent with 88 mg/L DOM. 
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Table 6. 2: Results from a Coagulation Experiment 

 

 Coagulation and sorption results Coagulants 

 NTU TOC 

mg/L 

TC 

mg/L 

IC 

mg/L 

AS 

mg/L 

Fe 

mg/L 

CS 

mg/L 

Effluent  88.05 221.45 137.5    

Coagulated effluent 2 79.03 122.92 43.88 60 40 30 

 M8 sorbed 0.28 1.57 66.4 64.86    

Ref. DI water 0.2 0.418 0.647 0.23    

Notes: TC = total carbon; IC=inorganic carbon; CS = Chitosan 

 

Coagulation of contaminants from the apple effluent generated at bench scale MBR operations 

were conducted with a combined dosing of aluminum sulfate (AS), and ferric chloride (FC) as 

coagulants, while chitosan (CS) as an aid at the rates of 60, 60 and 40 mg/L, respectively, at pH 

5.8. A reduction of COD, TOC, IC (inorganic carbon), TC (total carbon) were about 55, 32, 54, 

57 %, respectively. Further reduction of IC, about 53%, could be achieved by DAF. It is worthy 

to mention here that no improvements were observed at higher pH 7-8, and lower coagulant dosage 

(20 mg/L). Visible suspended floc justified a filtration requirement after coagulation. In parallel, 

for the treatment of synthetic effluent, only AS was required without FC.  This was most probably, 

due to the absence of phosphate in synthetic effluent, as phosphorous compound requires ferric 

chloride for removal. Compared to carbohydrate, coagulation removed humic acid remarkably as 

indicated by corresponding TOC measurement after coagulation. Coagulation was found to be 

optimum at pH 6, while about 85±% of DOC/TOC (as humic) removed from synthetic effluent. 
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6.4.5:  Solid phase activated carbon sorption  

Evaluation of nine different granular activated carbons (GAC) was conducted based on their 

capacity and intensity of DOM removal. Results of DOM removal by sorption revealed that GAC 

with granule size of 12X40 is good performers in the removal of DOM from the MBR effluent. 

The observations were in agreement with USACE (2001). Granular activated carbon is designed 

by sizes, and the most popular aqueous phase GAC dimensions are the 12x40 and 8x30 sizes, as 

they have a very good balance of size, surface area, and head loss characteristics (USACE, 2001). 

The 12x40 size is normally recommended for drinking water application as it shows good SS 

removal, as well as turbidity. Based on DOM removal efficiency, four of the good performing 

GACs were identified (M6-M9) for subsequent evaluation.  

 

Table 6. 3: Summary Table on GAC Sorption 

Contact= 8 h GAC Types Best 

GAC 
100g/L M4 M5 M6 M7 M8 M9 

% DOM removal 89.86 94.17 97.52 85.23 99.91 90.77 M8 

NTU 3.91 5.17 2.97 9.91 1.50 9.91 M8 

Column test, 10 min. residence 
 

% DOM removal     97.63   

NTU     0.25   

 

Results of further assessment tests through 8 hours of contact are shown in Table 6.3 as well as in 

Figure 6.2.  Based on comparative efficiencies they are ranked as M8> M6>M9>M7 for DOM 

removal (Figure 6.2). The maximum DOM removal (99.9%) was achieved from M8 type GAC. 

Accordingly, the M8 GAC was selected for a larger volume test of treated effluent on mini column 

(col.) experiments maintaining 10 min. residence time. Table 6.3 and Figure 6.2 also show the 
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final results on this column test, a remarkable reduction of turbidity to 0.25 NTU and DOM to 

about 97.63 was achieved. Ultimately, for the proposed BMP (best management practices), M8 

was used for the production of pre-treated water to feed the RO membrane in subsequent 

operations. 

 

Figure 6. 2: Comparative DOM removal efficiency from 6 GAC and M8 Col. Exp (column experiment) 

 

6.4.6:  Water quality comparison  

A summarized comparison of water quality at different stages, starting from MBR effluent 

followed by coagulation product and subsequent GAC sorption operation prior to RO feed are 

shown in Table 6.4. The final product after GAC sorption was fed to the RO unit for continuous 

operation of RO and comparative evaluation with untreated MBR effluent feed.  The feed turbidity 

0.28 NTU was well below the RO operation feed quality limit.  A similar trend was seen with the 

TOC concentration, with about 98 % reduction, a significant improvement.  
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6.4.7:  RO performance evaluation 

The reverse osmosis unit was run continuously, feeding the above (GAC) treated water having 

TOC 1.57 mg/L and turbidity 0.28 NTU. Figure 6.3 shows the comparison of RO performances 

with and without the BMP treated effluent feed. A sharp decline was seen in the case of untreated 

effluent, compared to almost steady flux with the treated effluent. A mild decline after about 80 

hours of operation was restored to nearly initial flow conditions (0.97 mL/min) utilizing the online 

management of forward-flushing.  This was done for a short time, 5-10 minutes, at lower pressure 

with higher than normal flow without stopping the operation. The high flow with high velocity 

cleans the loosely bound materials from the surface, showing that the accumulation was loosely 

bound. In the case of untreated effluent, a temporary improvement was observed with online 

management (high-flow low-pressure flushing), but there was an immediate flux decline to below 

<70%. This comparative performance proved the success of BMP treated effluent as a suitable RO 

feed ensuring sustainable recycle and reuse process.   

 

Table 6. 4: Comparison of water quality at different stages of BMP operation 

Treatment steps Property parameters 

TOC 

mg/L 

TC mg/L 

(total carbon) 

IC mg/L 

(inorganic 

carbon) 

Turbidity 

(NTU) 

Color 

Pt Co 

Effluent 88 221 138 - 32 

Coagulation product 78 123 79 2.0 9.0 

M8 sorption 1.5 66 65 0.28 <1.00 

Reference DI water 0.42 0.65 0.23 0.20 1.00 
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Figure 6. 3: Performances Comparison of RO feeding with untreated and BMP treated MBR 

effluents 

 

Table 6. 5: Specification of RO Feed and Permeate 

 Feed Permeate  Feed Permeate 

Conductivity µs/cm 3015 49 Aluminum mg/L 0.01 nil 

TDS mg/L 1635 25 Magnesium mg/L 0.00 nil 

pH 9.3 8.2 NH3 mg/L 0.00 nil 

Turbidity NTU 1.1 0.0 NO3 mg/L 0.00 nil 

Color Pt-Co 3 0.0 TH mg/L CaCO3 0.00 nil 

Calcium mg/L 0.02 Nil SiO2 mg/L 0.00 Nil 

 

Analysis of the permeate quality was conducted for the required parameters. The permeate quality 

was excellent in terms of TDS (25 mg/L), color (zero), Mn (nil), Zn (nil) and iron (0.03 mg/L) 

content. Table 6.5 shows a quality comparison of RO feed and permeate, as the final product.  The 

proposed operations of feeding the RO with enhanced coagulation followed by GAC feeding 

(EnC-GAC) provides for negligible flux decline in comparison to about 70% decline in case of 

Flushing 
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untreated MBR effluent during the same period (about 100 hours) of operations. It should be 

mentioned that the initial 20-24 hours of RO operation is the membrane compaction period, are 

not included in the comparison.  

 

6.5: Application benefits 

• Trained HQP working on the project will mitigate deficient skills, presently observing by 

the sector, discharge know-how of treatment across the food sector 

• In support of water scarcity issues, the processor can maintain and expand their market 

share at reduced water costs along with creating more job opportunities 

 

6.6:  Conclusions 

The completed study provides an innovative BMP that involves enhanced coagulation and GAC 

treatment. This system will help the industrial partner manage the treatment of the MBR effluent, 

providing a sustainable recycling process for water reuse, which will save the environment and 

minimize the operational budget.  The following summary highlights the significance of the 

studied issues in fruit and vegetable industries (FVI). 

• Enhanced coagulation process, although applied elsewhere, was previously never used in 

MBR effluent treatment. This is an additional supportive technology reducing DOM load 

on solid GAC sorbent  

• Development of the BMP will support the recycling of water after RO filtration, allowing 

in the reduction of freshwater needed by the process as well as the volume of discharges.  

This ultimately reduces the discharge surcharge costs contributing to profitability and 

environmental sustainability. 
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• Lessons learned from this project can safely be applied to other fresh fruit producers, 

leading to allowable discharge quality or recycling process. 

• RO unit functions smoothly as foulants in the form of SMP DOM were almost removed 

from effluent by the BMP, which was not the case in presence of DOM where RO flux 

declined substantially. 

• Detailed knowledge of accurate detection of EPS is still a deficient area. More knowledge 

of interfering radicals and accurate EPS detection is a call supporting treatment strategy 

 

A pilot process set-up integrating BMP pre-treatment with the online MBR effluent at IP site to 

treat the effluent as well as feed to the RO system is highly recommended. A mini-module tester, 

capable of evaluating the 40x40 membrane module as used at the IP site, would be instrumental to 

avail realistic information for IP application. A short overview of the BMP configuration is shown 

in Appendix E2.   
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Chapter 7: Conclusions and recommendations 
 

7.1: Conclusions 

The completed experiments in this study resulted in a new post-treatment technique for fruit MBR 

effluent, enabling wastewater recycling and reuse management. This included characterization of 

MBR effluent, characterization of RO foulants, evaluation of amorphous and solid-phase sorption 

parameters of micromolecular dissolved organic matters and RO performance restoration. The 

outcomes from the conducted bench scale and full-scale testing and long-term continuous 

assessments would greatly help producers, processors, researchers, consultants, and professionals 

in the area. Lessons learned from this project can safely be applied to other fresh fruit producers, 

leading to allowable discharge quality or recycling process. The summary of the findings are as 

follows: 

 

• Development of the BMP ensures the recycling of water after RO filtration, allowing for 

the reduction of freshwater needed by the process as well as the volume of discharges.  This 

ultimately reduces the discharge surcharge costs contributing to the profitability and 

environmental sustainability 

• Enhanced coagulation coupled with granular activated carbon sorption removes about 

>95% (about 98%) SMP dissolved organic matters (DOM)  

• Performance of RO membrane feeding with actual MBR effluent and treated effluent 

revealed that the composition of foulants deposited on the membrane surface is a function 

of the DOM in feed and the treatment applied 
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• Foulants analyses in the treated effluent operations showed deposits were loosely attached 

to the surface, which were easily removed by online flushing and no sign of bio-fouling or 

organic deposits noticed 

• The removal of micromolecular DOM vid sorption onto the GAC is a complex treatment 

process. It requires careful process operations using treatment design data.  Without 

accurate data, it will be an expensive process involving inaccuracy in estimation of GAC 

quantity and respective volume of water it can purify 

• In actual MBR effluent operations, huge deposits of inorganic and organics were identified, 

mostly system corrosion products that include polysaccharide, protein, and amino sugar 

types of materials, which could not be removed by the on-line flushing technique. The 

SEM micrograph and its corresponding EDX spectrum of flush-cleaned membrane 

indicated that the membrane surface was almost clean except for the traces of some 

elements without impacts  

• Preservation of used membrane and its on-line performance restoration reveals a steady 

permeate flow even evaluated after 3 months of preservation. Deionized water at neutral 

pH proved to be a suitable preservation liquid 

• Trained HQP working on the project will mitigate deficient skills, presently observed by 

the sector, and provide discharge know-how of treatment across the food sector 

• In support of water scarcity issues, the processor can maintain and expand their market 

share at reduced water costs along with creating more job opportunities 
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7.2 Recommendations 

The completed study in this research has successfully achieved the proposed objectives developing 

post-treated recycle management tools for fruits wastewater imparting sustainability matching 

with the OMAFRA priority. The completed work fulfilled the deliverables and substituted the 

requirements of this M. A. Sc Engineering program. Within the limit of project scope, some 

outstanding issues that should be improved in future: 

 

• MBR effluents were collected from the site and studied in the lab. There remains a 

challenge of realistic representation of actual system operation in a closed cycle at the plant. 

The verification of findings at an onsite pilot evaluation would practically refine the data 

at actual conditions. 

• Detailed knowledge of the accurate detection of SMP is a deficient area. Limited 

approaches in SMP detection developing standard curve called for more work on 

interfering radicals and the development of accurate and easy SMP/EPS detection methods.   

• The study developed a successful BMP covering huge variability in characteristics of MBR 

effluent. However, a large variability challenge translates into operation complexity with 

increased operations budget. Further research in the stabilization of MBR effluent and 

influent should be considered. 

• Sorption capacity and SMP sorption parameters generated in this study can be used in 

performance comparison and quality control of stored GAC including calculation of other 

parameter and estimation of the residual capacity of GAC in use.  
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APPENDIXES 

 

Appendix 3A: Standards curves 
 

 

Experimental analysis of TOC, TC, IC, UV254 from humic acid sodium salt (HANa) at different 

concentrations 

HANa 

 mg/L 
 

TOC 

mg/L 
 

TC 

mg/L 
 

IC 

mg/L 
 

UV490 

nm 

UV254 

nm 

pH    

5 1.9979 2.301 0.3531 0.013 0.114 9.4    

10 3.2696 3.8222 0.5526 0.026 0.249 10.13    

20 6.0837 6.755 0.67163 0.062 0.463 10.57    

40 12.407 13.465 1.0557 0.109 0.850 10.89    

60 18.053 19.477 1.4237 0.173 1.246 11.06    

80 23.87 25.753 1.877 0.211 1.654 11.25    

 

 

Experimental analysis of TOC, TC, IC, UV254 from humic acid at different concentrations 

 

HA 

mg/L 

 

TOC 

mg/L 

TC 

mg/L 

IC 

mg/L 

UV490 

nm 

UV254 

nm 

pH    

5 2.279 2.658 0.3799 0.018 0.155 9.66    

10 3.8838 4.2463 0.3629 0.042 0.310 10.18    

20 7.277 7.7674 0.4899 0.083 0.545 10.56    

40 14.869 15.543 0.673 0.173 1.078 10.82    

60 21.951 22.847 0.8958 0.269 1.797 11.04    

80 28.387 29.362 0.9749 0.355 2.239 11.15    

          

 

Humic acid formula = C187H186O89N9 S1 

 

 

 

 



158 
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Figure: Linear relations of TOC mg/L vs (a) humic substances, (b) carbohydrates and (c) protein 

in mg/L 

 

1.) Humic substanace (mg/L) =  
𝑇𝑂𝐶

𝑚𝑔

𝐿
 − 0.4109

0.294
 

2.) Carbohydrates  (mg/L)      =  
𝑇𝑂𝐶

𝑚𝑔

𝐿
 −0.517

0.3445
 

 

3.) Protein   (mg/L)                  = 
𝑇𝑂𝐶

𝑚𝑔

𝐿
 + 0.0079 

0.4088
 

Humic substance versus UV254, and SUVA plots 

HA 

(mg/L) 

UV 1/cm SUVA 

L/mg. M 

5 0.114 2.28 

10 0.249 2.49 

20 0.463 2.32 

40 0.85 2.13 

60 1.246 2.08 

80 1.654 2.07 
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Figure: Humic substance (mg/L) versus UV254nm 

 

If we know either of the values other can be calculated from above relation. 

 

Humic substanace (mg/L) =  
𝑈𝑉254 − 0.378

0.0202
 

Carbohydrates (Glucose) versus UV490 nm 

 

Figure: Plot of carbohydrates (mg/L) versus UV490 
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If  value of UV490 is known the corresponding carbohydrates can be calculated. 

a) Carbohydrates (mg/L) =  
𝑈𝑉490+ 0.049

0.0097
 

 

Discussions 

Humic acid absorb UV at 254nm, the corresponding component of SMP from a solution can be 

predicted from this value. While only carbohydrates absorb UV at 490nm. So, knowing the value 

of UV490 corresponding carbohydrates can be predicted. Now from a combined TOC vale of 

solution we can subtract humic and carbohydrates (converting by TOC factors as outlined in 

chapter 3) to predict concentration of protein. Thus, the three components of SMP may be 

predicted.  
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Appendix 3B:  Coagulation experiments using synthetic effluents 
 

Note: Same abbreviation will apply in all over the appendixes 

AS= aluminum sulfate, FC=ferric chloride, CS=chitosan, CH=carbohydrate, HA= humic 

substances, DI= deionized water, and concentration in mg/L 

 

Effluent 1: SMP components in mg/L 

HA 

(humic acid) 

CH 

(carbohydrate) 

Bovine Serum Albumin (BSA) as protein pH 

70  45  10 6.3 

 

Coagulants in mg/L 

 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6   

AS 51 50 30 50 25 50  

FC 40 42 42 20 25 43   

CS 20 10 21 20 11 0   

AS= aluminum sulfate, FC=ferric chloride, CS=chitosan, CH=carbohydrate, HA= humic sub. 

 

pH variation study 

Chemicals Concentrations in mg/L pH  

Effluent components HA=70, CH=45, BSA=10 6.4  

Coagulant CS addition 20 6.3  

Coagulant AS addition 60 4.2  

Coagulant FC addition 45 3.2  

 

Exp#2: Effluent components in mg/L 

HA CH BSA pH Turbidity DI pH  

60  40  15 6.6 9.18 5.7  

 

Coagulants in mg/L 

 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 

AS 60 70 80 55 50 80 

FC 45 45 45 45 50 60 

CS 20 25 25 20 30 20 
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Results: 

 TOC TC IC Turbidity Turbidity after one day 

Effluent 35.71 36.09 0.38 9.18 8.8 

Batch 1 16.71 19.12 2.4 4.5  

Batch 2 20.48 20.78 0.256 5.7  

      

B1+GAC 6.68 11.89 5.24 1.9 1.23 

B2+GAC 11.86 16.26 4.34 2.7 0.21 

 

 

The same effluent of Exp. 4 was used in Exp. 5 

Coagulants 

Dosage-

mg/L 

Batch 

i  

Batch 

ii  

Batch 

iii  

Batch 

iv  

Batch  

v  

Batch 

vi  

Batch vii  Batch 

viii  

Effluent 

CS  20 25 25 20 30 20    

AS  60 70 80 55 50 80    

FC  45 45 45 45 50 60    

Poly glu 

(PG) 

      250 + 

Flocculant 

450  

 

TOC 16.71 20.48       35.71 

TC 19.12 20.74        

IC 2.4 0.256        

% TOC 

removal 

53.2 42.6        

pH 3.3 3.09 3.13 3.14 3.1 2.96    

Turbidity - 

NTU 

4.5 5.7     11.5 11.6  

Turbidity 

NTU after 

11µ filtration 

3.1      3.2 2.6  

 

 

Effluent components in mg/L 

 BSA HA CH -Dextran   

Effluent #1 10 60 45   

 

Coagulants 

 Poly glu + 

Flocculant 

Poly glu    

 Trial #1 Trial #2    
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Results 

 Turbidity TOC TC IC    

Trial #1 8.08 113.6 114.48 0.85    

Trial #2 9.74 57.5 63.53 6.05    

        

after 11µ 

filtration 

6.01 (T#1) 

4.8 (T#2) 

      

After 

GAC 

sorption 

 44.0 45.14 1.146    

 

 

Effluent components in mg/L 

Components BSA CH HA  

Effluent #1 10 45 60  

Effluent #2 10 45 0  

 

Coagulants PACL (poly aluminum chloride, 200 µL PACl/500 mL was considered as 60 mg/L) 

Coagulants Effluent #1 Effluent #2     

Chitosan 20 10     

PACl 60 60     

 

Results 

 Turbidity 

-NTU 

TOC/DOC TC IC pH   

Effluent #1  42.43 43.99 1.55    

Effluent #2  32.86 33.29 0.425    

Coagulated 

E#1 

0.48 17.48 18.31 0.82 6.74   

Coagulated 

E#2 

0.31 18.35 18.68 0.33 7.21   

 

 

Inorganics additions: 

CaSO4 (calcium sulphate) = 60 mg/L 

MgSO4 (magnesium sulphate) = 60 mg/L 

KCl (potassium chloride) = 4 mg/L 

NaHCO3 (Sodium bi carbonate) = 96 mg/L 
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Effluent series: 

Eff. #1= HA-Na salt + CH (Dextran) + BSA + Inorganics 

Eff. #2 = HA + CH (Dextran) + BSA + Inorganics 

Eff. #3 = HA-Na salt + CH (Dextran) + BSA 

Eff. #4 = HA + CH (Dextran) + BSA 

Coagulants: 

 Eff #1 Eff.#2 Eff. #3 Eff. #4  

Chitosan 22.6 22 21 21 

PACl 200 µL 200 µL 200 µL 200 µL 

pH 6.86 7.0 7.1 7.14 

 

Results 

 Eff #1 Eff.#2 Eff. #3 Eff. #4  Effluent 

Turbidity -NTU 0.18 0.79 0.25 0.24  

TOC 14.9 14.6 13.2 13.79 32.86 

TC 39.24 77.37 9.82 23.14  

IC 54.2 91.99 23.14 21.85  

  

 

 

 

Exp. 9 

Inorganics additions: 

CaSO4 (calcium sulphate) = 355 mg/L 

MgSO4 (magnesium sulphate) = 99 mg/L 

KCl (potassium chloride) = 58 mg/L 

NaHCO3 (Sodium bi carbonate) = 1390 mg/L 

K3PO4 (potassium phosphate) = 46 mg/L 

CaCl2 (calcium chloride) = 402 mg/L 

 

Effluent components: 

HA-Na salt (65 mg/L) + CH (45 mg/L) + BSA (10 mg/L) + Inorganics = TOC 42 mg/L 
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Coagulants mg/L: 

     

Chitosan 20.7    

PACl 20 (100 µL)    

AS 35     

pH 7.07    

 

Results 

 Coagulated Coagulated 

+ GAC 

Re-

coagulation 

adding more 

AS  

Re-

coagulation 

adding more 

PACl + FC 

Coagulation 

by Poly-Glu 

Coagulation 

with AS 

Turbidity 

-NTU 

0.26 3.5 0.14 0.15   

TOC 19.65 16.56     

IC 14.3 17     

TC 33.98 33.95     

 

Exp. 10     Inorganics additions: 

CaSO4 (calcium sulphate) = 535 mg/L 

MgSO4 (magnesium sulphate) = 125 mg/L 

KCl (potassium chloride) = 69 mg/L 

NaHCO3 (Sodium bi carbonate) = 200 mg/L 

K3PO4 (potassium phosphate) = 50 mg/L 

Effluent components: 

Effluent #1: HA- (60 mg/L) + CH (45 mg/L) + BSA (10 mg/L) + Inorganics  

Effluent #2: used same effluent stock as in Exp. 9. 

Coagulants mg/L 

  Dosing 

1 

Dosing 

2 

Dosing 3 

Chitosan 20.76    

PACl 40 (200 µL)    

AS  60   

Poly-glu   100  

FC    40 

pH 6.86    

 



167 
 

Results 

 Dosing 1 -AS Dosing 2- Poly-glu Dosing 3 - FC 

 Eff. 2 Eff. 1 Eff. 2 Eff. 1 Eff. 2 Eff. 1 

Turbidity 

-NTU 

1.53 2.18 1.89 3.27 15.82 15.33 

TOC 20.15 21.56 18.68 19.86   

IC 20.3 21.7 24.68 25.26   

TC 0.19 0.149 5.99 5.14   

 

 Exp. 11,   

Inorganics additions: 

CaSO4 (calcium sulphate) = 130 mg/L 

MgSO4 (magnesium sulphate) = 120 mg/L 

KCl (potassium chloride) = 4 mg/L 

NaHCO3 (Sodium bi carbonate) = 186 mg/L 

K3PO4 (potassium phosphate) = 30 mg/L 

NaCl (sodium chloride) = 0.75 g (to adjust conductivity similar to actual effluent) 

 

Effluent: HA-Na + CH+ BSA+ Inorganics. Effluent conductivity 2033 µs/cm and pH 7.09 

Coagulants mg/L 

 Batch A Batch B   

Chitosan 20    

AS 80    

Poly-glu  490   

pH  4.96 Adjusted for better sorption 

 

Results 

Coagulants Batch A Batch B  

Turbidity -NTU 1.9 2.6  

TOC 21.31 20.41  

IC 9.46 30.18  

TC 30.78 50.19  

•  

.  
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Exp. 12 

 

Inorganics addition: same as Exp. 11 

Effluent: HA- (60 mg/L) + CH (45 mg/L) + BSA (10 mg/L) + Inorganics; pH = 6.68 

Coagulant AS at different dosage concentrations, while chitosan was fixed at 20 mg/L.  

AS   40 mg/L 60 mg/L 80 mg/L 100 mg/L 120mg/L Effluent  

Reported in Chapter 3 

 

Exp. 13 

Inorganics: same as in Exp. 12. 

Effluent: HA-Na salt- (60 mg/L) + CH (45 mg/L) + BSA (10 mg/L) + Inorganics (same as Exp. 

11) 

This experiment is conducted to find out the optimum dosage of AS and pH if effluent contains 

HA-Na salt in place of HA, also if TOC is half of earlier range (i.e., 20 mg/L or less in place of 

40 mg/L) 

Coagulant AS at different dosage and chitosan was fixed at 25 mg/L.  

AS   40 mg/L 60 mg/L 80 mg/L 100 mg/L 120mg/L Effluent  

pH 5.93 6.2 5.1 5.2 5.13   

NTU 0.55 0.56 1.6 1.81 2.30   

T °C        

TOC 7.7 7.1 8.46 8.65 8.6 16.36  

TC 8.18 7.64 8.76 8.96 9.05 17.53  

 

 

August 17, 2018  

AS     80 mg/L 100 mg/L 120mg/L Effluent 

pH   6.3 5.8 6.02  

NTU   0.14 0.0 0.29  

TOC   7.23 6.78 6.92 16.36 

TC   7.52 7.09 7.15 17.53 

IC   0.28 0.3 0.24  
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Appendix 3C: Coagulation experiments using bench scale MBR effluents 
 

Preliminary bench scale MBR effluent experiments. Algoma influent (apple) as feed to MBR. 

Exp. #1 

Fluids COD TOC TC IC Turbidity 

NTU 

Conduct. 

micro 

s/cm 

pH TDS %TOC 

removal 

Apple 

effluent 

91 18 169.13 152.02 0.14 2660 8.81 

 

1349  

Coagulated 

DAF and 

GAC  

30.5 11.29 150.49 161.79      

Coagulated 

effluent 

41 11.679 77.82 66.142      

July 3, 2018 

Coagulated 

and GAC 

filtered 

43 10.065 39.79 26.54      

Coagulated  14.59 46.106 31.5      

Aluminum sulfate (AS), dissolved air flotation (DAF), and granular activated carbon (GAC) 

 

Exp. #2  

Coagulants: AS = 60 mg/L, FC= 60 mg/L, CS= 40 mg/L.  (AS= Aluminum sulfate, FC=ferric 

chloride and CS=chitosan) 

Fluid COD 

mg/L 

TOC 

mg/L 

TC 

mg/L 

IC UV 

abs 

TKN Total 

N 

pH  

Apple 

effluent 

101-

90 

17.29 169 152    8.9  

Coagulated 41 11.67 78 66  1.28 1.27 5.75  

Coagulated 

+ DAF 

45.6 14.59 46 31  0.92 .91   
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Exp. #3 

Coagulants: AS= 20-30 mg/L, FC=20-40 mg/L, CS=20-25 mg/L at different batches and results 

are reported from good performing one. 

Fluid COD 

mg/L 

TOC 

mg/L 

TC 

mg/L 

IC UV 

abs 

TKN Total 

N 

pH NO3, 

NO2 

Pear 

effluent 

 17.07        

Coagulated 43 10.06 39.85 29.78     0.189 

Coagulated 

+ GAC 

26.8 13.25 39.79 26.54  3.77 3.73  0.041 

 

 

Exp. #4:  Reported in Chapter 3, Table 3.2 
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Appendix 3D: Coagulations with Algoma actual MBR effluents 
 

Exp. #1,  

Specification of ALGOMA MBR effluent collected on Sept. 20, 2018 

 Sept. 20 Sept. 21 Sept. 25 Sept. 27 

pH 7.91 8.2 8.82 9 

TDS 845 mg/L  855 900 

Conductivity 1583 µs/cm   1650 

Turbidity 0.11 NTU  0.27 0.53 

     

TOC 80.95 mg/L 81  88 

TC 227.58 mg/L    

IC 146.63    

Color 18   19 

 

 

Coagulants in mg/L 

 Batch #1 Batch #2 Batch #3 Batch #4 Batch #5  

AS 90    64  

CS 37 40 38 37 42  

FC   54  50  

PACl  400µL/L     

PG    200    

 

Results on Sept. 21, 2018 

 Batch #1 Batch #2 Batch #3 Batch #4 Batch #5  

TOC 79.44 69.32 76.52 88.1 62.169  

TC 227.86 219.38 213.79 229.98 221.93  

IC 141.88 138.49 137.26 141.85 159.76  

NTU     0.53  

 

 

Exp. 2,   

Coagulants in mg/L 

 Batch #1 Batch #2 Batch #3 Batch #4 Batch #5  

AS 50 40     

CS   38    

FC 50 40 40 60 30  
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PACl    300 µL/L 200 µL/L  

NH4SO4 10 20 15 15 18  

pH 5 5 5 5 5  

 

Results after 11µ filtration of all the batches to mimic cartridge filtration at real plant site 

 Batch #1 Batch #2 Batch #3 Batch #4 Batch #5  

TOC 98.97 99.47 99.672 95.99 96.21  

TC 101.88 103.87 101.27 97.5 98.67  

IC 2.9 4.38 1.59 1.16 2.46  

NTU 0.67 0.97 0.87 0.44 0.94  

       

 

 

Exp. 3 & 4 

Coagulants in mg/L 

 Sept. 26 Sept. 27  

 Batch #1 Batch #2 Batch #3 Batch #4 Batch #5 Batch #6 

AS 70 65 65 64.6 67.5  

CS 40 40 - 30.8 -  

FC 52 50 50 50.4 53  

pH    5.6 5.6  

 

Results after 11µ filter paper filtration 

 Batch #1 Batch #2 Batch #3 Batch #4 Batch #5  

TOC     88.1  

TC     229.98  

IC     141.85  

NTU    0.33   

       

 

 

Exp. 5,  

 

Coagulants in mg/L 

 Batch #1      

AS 62      

CS 38      

FC 55      

pH adjusted to 6.03      
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Results on filtration of coagulated effluents  

 TOC TC IC NTU Con. µs/cm pH Color 

Coa. +GAC+11µ filtration  1.11 1.32 0.21 0.18 1770 9.8 2 

Coa. + GAC 5.6 131.85 126.24 0.22   3 

Coa. only 76.87 155.1 78.25 0.7  6.03 7 

Observations: 

• Filtration by 11µ filter papers reduces suspended inorganics from GAC as well as 

turbidity 

• Coagulation pH about 6 is appears to be optimum 

 

Exp. 6, 

Using FS400, M8 

 NTU TOC TC IC   

Effluent  88 221.45 137.5   

Coagulated effluent Reported    

Coa. +FS400 filtered   

Ref. DI water   

        

 

 

Exp. 7,  

Coagulants in mg/L  

 Exp. a Exp. b    

AS 60 60    

FC 40 41    

CS 30 35    

pH 6 6    

NTU 7 6    

µs/cm 1836     

 

 

 

Exp. 7 (2nd batch of effluent collected on Nov. 8, 2018) 

• TOC of new was 11.8, directly feed to GAC followed by RO 
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Appendix 3E: Theoretical calculations 
 

Typical calculation scenarios:  

Studies showed that an optimum dose of alum (Al2(SO4)3·14H2O) for conventional coagulation 

could is 40 mg/L, along with the equivalent dosage of soda ash to control pH at 7.5. What would 

be the concentration of dissolved aluminum ions and the dry alum sludge production per day? 

Assume that the organic-bound aluminum ions in coagulated water are negligible?  

 

Answer 

After addition of commercial alum, a series of soluble monomeric, dimeric and polymeric hydroxi-

metal complexes are assumed to form as long as solubility product is lower than those amorphous 

hydroxides. Whenever solubility product constant exceeds for Al+3, a series of hydroxylated 

reactions occurs, and freshly amorphous Al(OH)3 (am) forms and metal precipitates out. Typical 

overall alum reaction in solution may be written as  

  

Al2(SO4)3 14H2O + 3Na2SO4 = 2AL(OH)3 + 3Na2SO4 + 3CO2 + 11H2O   or 

Al2(SO4)3 14H2O + 3Na2SO4 +3H2O = 2AL(OH)3 + 3Na2SO4 + 3CO2 + 14H2O 

 

From the above stoichiometric relation, the calculated Al (OH)3 production by the plant at 40 mg/L 

dosage of commercial alum at an operating pH of 7.5, is about 105 kg/day.  

At the operating conditions, the quantity of alum dosed (40 mg/l) for coagulation is sufficient to 

exceed the solubility product of their hydroxides, that is 40 mg/l alum is approximately 10-3.9M, 

and is well within the solid region of Al(OH)3 at pH of 7.5 (solubility diagram (b) Faust & Aly, 

1998), which is more pronounced in diagram (a) with wider solid region when Al(OH)3 is aged. It 

revealed that a dosage of 10-6 M would produce precipitate. Operating dosage is about 10-3.9M, 

which is higher than the lower limit. 

 

Concentration of dissolved aluminum ions: 
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Possible soluble aluminum ions are assumed to be in equilibrium with amorphous precipitated 

solid phase Al(OH)3 (s) at pH 7.5. The molal aluminum solubility value as calculated from 

solubility equilibria and solubility product of Al (OH)3 is 2.9 x 10-9 M. 

 

Discussions: 

We have calculated dissolved aluminum ions (2.9x10-9M) and solid sludge Al(OH)3 

production/day from chemical reaction equilibrium formula (stoichiometry). But, the question of 

dry alum sludge production/day, may contains fine sand, silica, alumina, iron oxide, lime and other 

as coagulated with alum, for which we do not have any site-specific formula or criteria. We may 

assume different factors revealed in literatures to assess dry sludge production volume or mass 

such as: 

• The moisture content of sludge generally is about 80% 

• Volume of sludge depends on two items: %water content and solids content 

• Solid content is a function of fixed and volatile solids (VS) 

 

Thus, if we consider 1/3 of solid matter is fixed solid at a specific gravity of 2.5, and that of 2/3rd 

of VS is one, the overall specific gravity could be calculated as 

1/S = (0.33/2.5) + (0.67/1), or  S = 1.25 

As we assumed sludge contains 80% water, using the same equation above, specific gravity of 

sludge can be calculated as Ssl = 1.04 

 

Now if we need to calculate volume of 144 kg sludge (say), it can be computed using the following 

relation:   

Vsl =    Dry solid (kg)/ (water density kg/m3*specific gravity of sludge* % soils)  

      = 144 kg/(1000kg/m3*1.04*0.2) = 0.69 m3 

 

Other recommended methods of sludge calculation: 

In literature, Ken Carlson, et al., (2000) recommended a general equation (1) for sludge generation 

from alum (enhanced coagulation): 

S = Q x 8.34 x (AD x 0.36) + X + TOC                           (1) 
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where,  

S= sludge generated in Ib/day 

Q = flow in mgd 

AD= alum dose (mg/L) 

X = another chemical dose such as polymer, PACL etc. 

TOC = TOC removal in mg/L 

 

Plugging the values in the equation (1) we get an alum sludge rate of 317 Ib/day = 144 kg/day, 

while TOC and other chemicals are neglected.  

 

Sludge can also be estimated from material balance: 

material in – material out = sludge  

 

But it requires effluent concentrations of individual components in feed including SS, color, metal 

content etc. This will enable to calculate material balancing. Say, e.g., we have turbidity of 30 

NTU (as rule of thumb, which is nearly equivalent to 30 mg/L SS). If effluent contains 3 mg/L of 

SS, the rest 27 mg/L will be in the sludge along with solid coagulant species (Al+3), either co-

coagulated or sorbed onto solid surface. Similarly, we can estimate individual components and add 

to sludge calculation. 

 

Based on USEPA water treatment plant model, the amount of sludge generated by alum only is 

about 41% of alum dosage (at 45 mg/L dosage). Our calculation from stoichiometry resulted with 

26% of sludge at 40 mg/L dosage, where total dosage of alum is 400 kg/day and 105 kg Al (OH)3(s) 

is 26% of it. The rest of 41% could be attributed to co-precipitation of water contaminants with 

alum.    
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Appendix 4A: Comparison of the Freundlich and Langmuir sorption 

isotherms 
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Appendix 4B: Isotherm experiments with actual MBR effluents 
 

Isotherms 
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Exp. #1,  

 

Anthra Filter -BC 1240 

M 

gm AC/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log 

C 

Log 

(X/M) 

 

TC IC 
NTU/after 

1 day 

Color 

PtCo 

0  82.05     226.07 144.02   

5 65.20 16.852 3.3704 1.81 0.53 199.75 132.55 5.29/2.19  

10 53.52 28.552 2.8552 1.73 0.46 185.29 131 5.38/2.53  

50 19.43 62.624 1.25248 1.29 0.10 149.1 126.21 4.62/1.95  

100 7.57 74.48 0.752323 0.88 -0.12 129.35 120.27 9.91/2.69  

(effluent)      226.07 144.02   

Notes:  

• NTU appeared to be high from Anthra filter GAC 

 

Exp. 2, (repeated the exp. 1) 

 

M 

gm AC/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log 

C 

Log 

(X/M) 

 

TC IC 
NTU/after 

1 day 

Color 

PtCo 

0  85.05     226.07 144.02   

5 66.3 15.752 3.1504 1.82 0.50 199.75 132.55 5.29/2.19  

10 54.297 27.755 2.7755 1.73 0.44 185.29 131 5.38/2.53  

50 22.905 59.147 1.18294 1.36 0.07 149.1 126.21 4.62/1.95  

100 9.0793 72.9727 0.737098 0.96 -0.13 129.35 120.27 9.91/2.69  

(effluent)      226.07 144.02   

 

 

 

 

 

 

Exp. #3,  GAC = CEI -AC 8x30   

M 

gm AC/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log C Log 

(X/M) 

 

TC IC NTU Color 

PtCo 

0 82.05     226.07 144.02 10.68  

5 71.99 10.06 2.012 1.857272 0.303628 207.89 129.07 6.94  

10 68.17 17.88 1.788 1.807332 0.252368 202.07 130.08 1.99  

50 21.3 60.75 1.215 1.32838 0.084576 165.68 144.39 4.75  

100 8.32 73.73 0.7373 0.920123 -0.13236 156.06 144.74   

(effluent) 82.05     226.07 144.02 10.68  
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Exp. #4,  GAC = CEI -AC 12x40 

M 

gm AC/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log C Log (X/M) 

 

TC IC NTU Color 

PtCo 

0  88.05 17.575 3.515 1.809391351 0.545925329 226.07 144.02   

5 64.47 27.632 2.7632 1.735742576 0.44141232 205.59 141.12 4.87  

10 54.42 67.012 1.34024 1.17719008 0.127182575 193.75 139.33 4.76  

50 15.04 79.863 0.79863 0.339848783 -0.09765438 153.02 132.98 2.47  

100 2.18 17.575 3.515 1.809391351 0.545925329 129.84 127.65 2.97  

(effluent)  27.632 2.7632 1.735742576 0.44141232 226.07 144.02   

 

Concluding remarks: 

• Column test was conducted using CEI-12x40. The TOC reduced from 82 to  5 mg/L, while 

turbidity also very good to about 0.13; a competitor with other GACs. 

 

Exp. #6,  Filtra Sorb 300, 8 hrs. 

M 

gm AC/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log C Log 

(X/M) 

 

TC IC NTU Color 

PtCo 

0  88.75     227.3 138.55   

5 51.57 37.18 7.44 1.71 0.87 183.7 132.00   

10 43.4 45.35 4.54 1.64 0.66 175.2 131.7   

50 11.2 77.55 1.55 1.05 0.19 129.8 12.69   

100 5.17 83.58 0.84 0.71 -0.07 128.1 116.69   

(effluent)      226.1 144.02   

 

• Compared to all other GAC evaluated, FS 300 had the benefits of mg/g, 1/n and g/L values, 

which are useful in column design at lower GAC loading. 

 

Exp. #7  GAC = Filtra Sorb 400 

M 

gm AC/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log C Log 

(X/M) 

 

TC IC NTU Color 

PtCo 

0  88.75     227.3 138.55   

5 55.63 33.12 6.62 1.75 0.82 190.83 135.00   

10 43.46 45.29 4.53 1.64 0.66 176.97 133.51   

50 7.36 81.38 1.63 0.87 0.21 134.84 127.87 1.6  

100 0.088 88.66 0.90 -1.06 -0.05 127.38 127.47 1.5  

 

• Filtra sorb 400 showed excellent turbidity reduction as well as TOC. 



181 
 

 

Exp. #8, Norith GAC 1240W 

 

M 

gm AC/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log C Log (X/M) 

 

TC IC NTU Color 

PtCo 

0 88.96     221.45 137.5   

5 62.17 26.79 5.36 1.79 0.73 198.67 43.88   

10 49.35 39.60 3.96 1.69 0.60 182.16 133.16   

50 14.84 74.11 1.48 1.17 0.17 142.22 127.38 1.6  

100 12.40 76.56 0.77 1.09 -0.11 126.44 114.04 1.5  

 

Summary Table on GAC performance values (k, 1/n, r2, mg/g, g/L) - Algoma effluents at high 

and low concentrations (HC and LC) 

Param

eters 

M4 M5 M6 M7 M8 M9 

HC LC HC LC HC LC HC LC HC LC HC LC 

k 0.30 0.35 0.19 0.55 0.52 0.52 0.07 0.77 1.53 2.66 0.17 0.60 

1/n 0.44 0.37 0.89 1.28 0.42 0.46 1.06 0.07 0.30 0.94 0.71 1.16 

r2 % 99  98 95 95  95  85 92 99 99 

mg/g 2.14  10.00 15.8 3.98  11.26  10.90 31.6 3.98 15.80 

g/L 38.3

2 

 8.88  20.6

0 

 7.90  7.92  20.60  

HC= high concentration, LC = low concentration 
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Experiments at 2 hours contact 

Filtrasorb 400 showed excellent results I terms of turbidity and TOC    

 2 hours experiments      

         

M C X X/M 

Log C Log (X/M) TC IC NTU gm AC/L 
(mg 

DOC/L 
(mg (mg 

    DOC/L) DOC/g) 

0 15.12               

1 9.44 5.68 5.68 0.97497199 0.75434834 10.12 0.69   

2 6.99 8.13 4.065 0.84447718 0.60906055 7.78 1.05   

5 5.6 9.52 1.904 0.74818803 0.27966694 6.68 1.07   

10 4.7 10.42 1.042 0.67209786 0.01786772 11.33 6.63   

50 3.79 11.33 0.2266 0.57863921 -0.64474009 19.93 12.13   

(effluent)                 

  

Filtrasorb FS300        

 soln. conc sorbed       

         
M C X X/M 

Log C Log (X/M) TC IC NTU gm AC/L (mg DOC/L (mg (mg   
DOC/L) DOC/g) 

0 15.12        

1 10 5.12 5.12 1 0.70926996 183.7 132  

2 7.03 8.09 4.045 0.84695533 0.60691853 175.2 131.7  

5 5.46 9.66 1.932 0.73719264 0.28600712 129.8 12.69  

10 5.03 10.09 1.009 0.70156799 0.00389117 128.1 116.69  

50 3.64 11.48 0.2296 0.56110138 -0.63902812    

(effluent)         
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Anthra filter-BC-1240       

         
Date Jan 10-2019 2 hours      

         

 M C X X/M 

Log C Log (X/M) TC IC 
 

gm AC/L 
(mg 

DOC/L 
(mg (mg 

 

  
DOC/L) DOC/g) 

 
 15.12       

 
1 10.08 5.04 5.04 1.00346053 0.70243054 11.02  

 
2 8.5 6.62 3.31 0.92941893 0.51982799   

 
5 6.2 8.92 1.784 0.79239169 0.25139485   

 
10 5.73 9.39 0.939 0.75815462 -0.02733441   

 
50 5.07 10.05 0.201 0.70500796 -0.69680394   

 
(efft)        
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Appendix 4C: Sorption isotherm test with coagulated synthetic effluent 
 

Effluent preparation: 

CaSO4 (calcium sulphate) = 60 mg/L 

MgSO4 (magnesium sulphate) = 60 mg/L 

KCl (potassium chloride) = 4 mg/L 

NaHCO3 (Sodium bi-carbonate) = 100 mg/L 

K3PO4 (potassium phosphate) = 30 mg/L 

NaCl (sodium chloride) = 750 mg/L (to adjust conductivity similar to actual effluent) 

CaCl2 (calcium Chloride) = 25 mg/L 

HA-Na = 35 mg/L, HC (dextran)=25 mg/L, Protein (BSA) = 6 mg/L 

Coagulants: AS= 90 mg/L, Chitosan =36 mg/L 

 

Exp. #1, Norith GAC, contact time: 8 hours 

Effluent pH 7.5 (coagulation pH 6.18), effluent turbidity 10 NTU (coagulated effluent turbidity 

1.5 NTU) 

 

Effluent  

DOC  

mg/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log 

C 

Log 

(X/M) 

 

TC IC NTU Color 

PtCo 

0  10.56   1.02  12.27 2.20 10.1 221 

5 4.743 5.8172 1.16344 0.68 0.07 11.89 7.151 0.33 under 

10 2.03 8.5307 0.85307 0.31 -0.07 12.55 10.52 0.88 under 

50 1.05 9.5054 0.190108 0.02 -0.72 14.20 15.25 3.74 1 

(effluent) 10.56     12.27 2.2 10.1 221 

 

Notes: 

Log (X/M) is about 0.19 at which all the DOC seems to be sorbed. Anti-log of 0.19 is 1.5488, and 

corresponding M value can be calculated as 6.8 g/L. So, to remove all contaminants from one liter 

of solution, about 6.8 to 7.O g of activated carbon is required. This prediction could be used in 

column design should Norith is selected. 
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Contact time 2 hours 

M 

gm 

AC/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log C Log 

(X/M) 

 

TC IC NTU Color 

PtCo 

0          

5 10.004 0.556 0.1112 1.000174 -0.9539 10.50 0.499   

10 6.851 3.7086 0.37086 0.835779 -0.43079 9.377 2.523   

20 4.909 5.651 0.28255 0.690993 -0.5489 8.611 3.701   

28 2.432 8.128 0.290286 0.385964 -0.53717 8.008 5.577   

 

 

Exp. #2: PAC Calgon Carbon, 4 hours contact time 

Effluent  

DOC  mg/L 

C 

(mg 

DOC/L 

X 

(mg 

DOC/L) 

X/M 

(mg 

DOC/g) 

Log C Log 

(X/M) 

 

TC IC NTU Color 

PtCo 

0 16.93   1.2287      

2 3.0695 13.8605 6.93025 0.487068 0.840749 3.236 0.1666 5.42 18 

4 1.5312 15.3988 3.8497 0.185032 0.585427 1.742 0.212 1.26 5 

6 0.9168 16.0132 2.668867 -0.03773 0.426327 1.3115 0.395 016 2 

10 0.8804 16.0496 1.60496 -0.05532 0.205464 2.0611 1.181 032 10 
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Appendix 4D: Sorption at different concentrations, bed volumes and 

columns experiments 

 

Rapid small-scale column tests (1ʺ diameter), M8 bed materials, old effluent 

DOM= 360 mg/L (all flows are 1000 mL, except Col. #2 500 mL 

Column #1= 7ʺ  Col. #2=10.5ʺ Col.#4=23ʺ inch Col.#5=27ʺ 

time 
min Ce/C0 

TOC 
mg/L 

time 
min Ce/C0 

TOC 
mg/L 

time 
min Ce/C0 

TOC 
mg/L 

time 
min Ce/C0 

TOC 
mg/L 

15 0.35 95 15 0.27 74 16 0.35 97 17 0.35 97 

30 0.36 100 30 0.36 98 31 0.39 107 32 0.39 107 

45 0.38 104 45 0.39 108 46 0.35 95 47 0.35 95 

60 0.37 102 60 0.39 106 60 0.32 89 77 0.32 89 

74 0.44 121 75 0.36 99 106 0.32 88 107 0.32 88 

105 0.43 119 105 0.34 94 136 0.33 90 127 0.33 90 

   135 0.34 94 165 0.35 96    

 

Col. # 3: 1ʺ diameter 19ʺ height 

 time min Ce/C0 
TOC 
mg/L 

15 0.38 104 

30 0.36 100 

45 0.35 98 

55 0.39 107 

70 0.42 115 

 

 

Bed vol m3 

Area m2 

Flow m3/h 

velocity m/h 

Filtration rate- min 
 

Col. #1 

0.000141 

0.000794 

0.000571 

1.128301 

0.246998 
 

Col. #2 

0.000212 

0.000794 

0.000222 

0.438784 

0.952705 
 

Col. 3 

0.000244 

0.000506 

0.000857 

1.692451 

0.285149 
 

Col. #4 

0.000296 

0.000506 

0.000364 

0.718010 

0.813638 
 

Col. #5 

0.000347 

0.000506 

0.000472 

0.932847 

0.735169 
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Breakthrough experiments 

time  TOC 

% 

removal Ce/C0 

0.2 100 38.46154 0.4 

1 115 44.23077 0.46 

2 118 45.38462 0.472 

5 146 56.15385 0.584 

10 179 68.84615 0.716 

15 193 74.23077 0.772 

23 206 79.23077 0.824 

26 224 86.15385 0.896 

29 227 87.30769 0.908 

32 230 88.46154 0.92 

38 235 90.38462 0.94 

46 236 90.76923 0.944 

 

 

Note: Non-sorb able present but not the biodegradable. 

This BT curve has no breakthrough start but the end.  
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Appendix 5A: Operations of RO system feeding with treated 

Exp #1 

Results/data Table - RO operations feeding with treated MBR Effluent 

Date 

Oct., 

2018 

Time Pressure 

psi 

Temp. 

°C 

FF 

mL/min 

PF 

mL/min 

Diff. 

Press 

p 

F. 

Cond. 

µs/cm 

P. 

Cond. 

µs/cm 

 

28 11 pm 200 15 2.55 3.8 5 2810   

          

29 10 am  24  2.86 5    

 12 am  24  2.82 5    

 6pm  24  2.44 5    

 11pm  16  1.86 5    

30 8 am  23 2.55 1.4 5    

 12am  22  1.33     

 2pm 125  22  1.00     

 5:30   20 2.55 1.00     

 7:30 125 20  1.00     

 10:30  21  0.96     

31 8:30 

am 

 21  0.92     

 12  21  0.9     

 12:40  21  1:0     

 8:00pm  21  0.92     

Nov.1 6:50 

am 

125 19  0.87     

 9:00  20  0.86     

 12:00  19  0.8     

 3:00pm  19  0.78     

 6 pm  20  0.8     

          

 6:30 

pm 

10 20 2.8 1.03    Forward 

flushing 

 10:00 

pm 

125 20 2.5 0.9     

Nov. 2 8:00 

am 

 18 2.5 0.83     

 2:00 

pm 

 18  0.83     

 7:00pm  19.5  0.92  3015 49  

          

Notes: Salt rejection is  98.5% 
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Specification of Feed and permeate 

Feed Permeate 

Conductivity µs/cm 3015 Conductivity µs/cm 49 

TDS mg/L 1635 TDS mg/L 25 

pH 9.3 pH 8.2 

Turbidity 1.1 Turbidity  

Color 3 Color 0 

 

Exp.#2 

Actual MBR effluent TOC = 88 mg/L 

Feed Product 

Hrs. 
Pressure 

psi 

Flow 

gpm 

Conductivity 

µs/cm 

Temp. 

°C 

Flow 

mL/min 

Conductivity 

µs/cm 

TDS 

mg/L 
pH 

Temp 

°C 

0.00 302 0.65 1894 22.6 6.36 28 14.8 6.89 20.7 
 315 0.63 1698 26.9 5.5 11 5.5 7.99 26.9 
 830 0.61 1726 26 3.94 8.5 4.1 6.8 24.4 
          

19.00 290 0.65 1851 24 1.75 15.28 7.79 8.5 22.1 

26.00 290 0.65 2036 25 1.7 17.98 8.84 8.5 22.6 

33.00 290 0.65 2270 25.9 1.51 20.12 9.78 7.43 23.9 
          

43.00 280 0.65 2240 24.9 1.43 20.9 10.4 7.3 21.9 

51.00 280 0.67 2530 24.8 1.28 26.2 13.14 9 20.2 

56.00 280 0.67 2870 25.4 1.15 32.6 15.86 9.2 23 

67.00 280 0.67 2970 24.7 0.97 36.7 18.08 9.12 22.5 

72.00 280 0.67 3290 25.4 0.92 45.1 22.3 9.52 22.4 
          

          

82.00 300 0.65 2860 26.2 1.01 34.1 16.64 7.67 22.9 

88.00 295 0.66 3114 26 0.8 43.5 21.54 8.24 22.6 

92.00 280 0.65 2990 23.7 0.8 36.7 18.6 8.9 21.2 
          

103.00 290 0.65 3100 24.5 0.69 47.4 23.8 9.1 21.5 

110.00 280 0.65 3600 25.5 0.64 57.6 28.8 9.1 22.1 
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Exp #3:  Temperature corrected performance 

 

Feed  

L/min Hrs. 

Product 

flow 

mL/min 

Corrected to  

25 °C 

 2.55 1 ml/min  
 2.55 15 3.80 1.533454 

 2.55 17 3.80 1.116122 

 2.55 23 3.80 1.116122 

 2.55 33 3.80 1.116122 

 2.55 37 3.75 1.119747 

 2.55 39 3.70 1.113000 

 2.55 42 1.05 1.118250 

 2.55 45 0.90 1.070100 

 2.55 48 0.90 1.070100 

 2.55 58 0.92 1.056160 

 2.55 62 0.92 1.050420 

 2.55 63 0.92 1.056160 

 2.55 71 0.92 1.050420 

 2.55 81 0.92 1.056160 

 2.55 84 0.87 1.071840 

 2.55 87 0.86 1.059520 

 2.55 90 0.82 1.010240 

 2.55 93 0.82 1.010240 

 2.8 94 0.83 0.920470 

 2.8 98 1.03 1.142270 

 2.5 108 0.90 0.998100 

 2.5 114 0.83 1.022560 

 2.5 120 0.83 1.022560 

   0.92 1.048800 
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Exp. #4: Performance of preserved membrane on post treated MBR effluent 

Feed pressure 125 psi, flow 0.67 gpm, room temperature, EnC-GAC treated TOC 2,1 mg/L 

hours 

Product 

flow 

mL/min 

Temp. 

°C  

Temperature 

corrected flow 

mL/min 

  20.0  0 

3 1.13 20.0  1.3447 

7 1.07 21.0  1.2519 

10 1.08 21.5  1.2420 

20 0.95 19.5  1.1685 

25 0.93 20.0  1.1439 

29 0.85 20.0  1.0455 

33 0.92 20.0  1.1316 

43 0.86 20.0  1.0578 

46 0.84    

     
48 1.21 19.0  1.4907 

51 1.21 20.0  1.4399 

56 1.11 20.0  1.3209 

58 1.13 20.5  1.3221 

60 1.14 20.0  1.3566 

71 1.14 20.0  1.3566 

74 1.13 20.0  1.3447 

77 1.13 20.0  1.3447 

80 1.06 20.0  1.2614 

86 1.06 20.0  1.2614 

95 0.96 20.0  1.1424 

98 0.96 20.0  1.1424 
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Appendix 5B:  Characterization contact angles 

 

 

Cleaned membrane 
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Fouled membrane 
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Appendix E1:  Experimental equipment 
 

 

    
Jar testing 

 

 

 

     Mixer for isotherm experiments  
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Rapid SS column test experiments   Dissolved air floatation 

& Sand filter 
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Enhanced coagulation set-up 
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Enhanced coagulation-GAC sorption integrated set-up 
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(a)                       (b) 

 

(a) RO Membrane cell 

(b) RO high-pressure pump VFD 
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Appendix E2: BMP P&I diagram 
 

 

 

 
A simplified view of BMP to treat and reuse MBR effluent, RO retentate returns 

back to MBR  
 


