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(ABSTRACT) 

Ultrafiltration studies were conducted to determine a 

treatment 

the pulp 

approach to remove color and organic carbon from 

and paper wastewaters at the Union Camp 

Corporation, Franklin, VA. 

Analysis of data collected during this research 

indicate that ultrafiltration can produce an effluent with 

less than 5 color units and less than 5 mg/L TOC (99% and 

97% removal respectively). The data also indicate that 

biotreatment of the wastes prior to ultrafiltration removes 

the smaller molecular weight organic compounds, making 

ultrafiltration more effective. 

Pretreatment by pH adjustment and alum coagulation 

were not effective in improving ultrafiltration 

performance. Concentration studies indicate that volume 

reductions up to 95% may be accomplished without excessive 

membrane fouling. Membrane cleaning with caustic, 

hypochlorite and detergent produced identical results. 

It is expected that ultrafiltration would be a more 

cost effective method of color and TOC removal than 

coagulation, and would not require sludge disposal. 
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CHAPTER I 

INTRODUCTION 

A major problem facing the bleached pulp and paper 

industry today is the immense amount of water required for 

the pulping and bleaching processes. A typical plant uses 

from 15,000 to 80,000 gallons per air dried ton (g/adT) of 

bleached pulp produced (1). It is estimated that the total 

water use for the United States pulp and paper mills 

exceeds 2 trillion gallons per day (2). All of this water, 

with the exception of evaporative losses, eventually 

becomes wastewater. 

Water is required for virtually every process of 

production, but of particular importance is the high 

quality water required for the bleaching and extraction 

stages of pulp preparation. Although conservation 

practices, internal recycle and process innovations have 

been able to reduce total plant water requirements (3), the 

dependence on large volumes of high quality water is 

putting the industry in a position of competition for 

scarce water supplies. 

Bleached Kraft process waste is a very complex, highly 

colored solution containing varying amounts of organic and 

inorganic suspended and dissolved solids. Many attempts 

have been made to reclaim and utilize some of the 

wastewater through treatment with biological processes, 
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chemical coagulants, carbon adsorption 8nd ion excahnge. 

Of particular concern, when treating this waste for the 

purposes of recycle, is the removal of color, dissolved 

solids and organic compounds to produce a high quality 

water. The above mentioned processes have been used with 

varying degrees of success, moat of which include the use 

of chemicals and the disposal ot sludge, which add to the 

cost of treatment. 

This research study investigated the treatment of pulp 

and paper effluents for color and total organic carbon 

(TOC) removal using tangential-flow ultrafiltration 

techniques. These methods could eliminate or reduce 

chemical cost and sludge disposal concerns, and produce a 

water suitable for recycle. The main objectives of this 

research were to: 

1. determine the optimum pressures and membrane 

loading rates needed to produce maximum permeate recovery 

per volume of waste treated; 

2. compare the effectiveness of different sizes and 

types of membranes to produce useable recycle water from 

various waste streams; 

3. determine the most effective operational 

parameters (pressure, membrane loading rate, temperature, 

pH) in terms of permeate recovery, color, TOC and solids 

removal; and 

4. compare different methods of membrane cleaning and 

regeneration. 
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CHAPTER II 

LITERATURE REVIEW 

A review of literature published in the recent past 

was conducted to investigate the various ultrafiltration 

techniques used in the pulp and paper industry to reduce 

color, organic carbon and solids concentrations before 

discharge and for water reuse and recycle. The following 

sections deal with the characteristics of color bodies and 

other compounds found in pulp and paper wastes, the 

measurement techniques 

various ultrafiltration 

applioable for color analysis, the 

system configurations and their 

respective removal efficiencies and operational parameters. 

CHARACTERISTICS OF COLOR BODIES AND OTHER COMPOUNDS 

It is a widely accepted fact that the major source of 

color in pulp and paper wastewaters is the lignin binder 

around cellulose fibers which is dissolved. during the 

pulping and bleaching processes. All investigators stress 

the extreme variability of wastewater content from one 

plant to another. Since softwoods are typically higher in 

lignin content than bard.woods (2), a plant may experience 

color fluctuations from one wood source to another. 

Although Fremont and Kleper (4) noted wide effluent 

fluctuations of color, solids content, pH and temperature 

on a daily basis, some general guidelines can be drawn. 
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In a study to determine the origin of color in pulp 

and paper wastes, Fuller et al. (5) reported that, in 

addition to lignin and its derivatives, tannin and the 

natural color bodies ot the wood added to the effluent 

color level. Nebel et al. (6) reported that the natural 

organic color bodies could be of two basic types, soluble 

humus materials of intermediate molecular weight and 

synthetic, water soluble dyes used in the production of 

colored papers. 

Dugal et al. - (7) indicated that the major source of 

color was the caustic extraction stage in pulp bleaching 

and the unbleached decker filtrates. This is supported by 

work done by Fremont and Kleper (4) who found that 60X ot 

the total effluent color came from the first-stage caustic 

extraction process, and 20X came from the decker effluents. 

Nasr and MacDonald (8) found that the color bodies in the 

caustic extractions were h)'drophyllic colloids having high 

molecular weights and weakly acidic carbonyl groups. 

Schmidt and Joyce (9) showed that the functional 

groups which contribute the greatest amount of color are 

aromatic and quinonoid nuolei which may be conjugated with 

carbonyl and etbylenic groups. The authors also indicated 

that the color bodies present in pulp and bleaching 

effluents vary in molecular weight from less than 400 up to 

150,000 mass units (m.u. ). Fremont and Kleper (4) reported 

that the caustic extract color bodies are primarily shards 
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of lignin and chlorinated lignin in the molecular weight 

range of 400 to 4,000 m.u .. 

Studies by Nemerow (10) showed that spent pulping 

wastes can be up to 20% reducing sugars (hexoses and 

pentoses) which can contribute up to 65~ of the biochemical 

oxygen demand (BOD). The li.rtiins and lignosulfonates were 

felt to account for half of the solids but contribute very 

little BOD. Studies by Simpson and Groves (11) revealed 

that bleach wastes contained a range of organic compounds, 

including phenols, terpenes, resin acids and chlorinated 

lignin degradation products. 

Gould (2) found that other organic compounds in pulp 

and paper wastes are the suspended solids, primarily bark 

particles, fibers and cellular fragments. The author also 

found that wastewater from plants manufacturing printing 

and other specialty papers could also contain clay fillers 

and/or titanium dioxide brighteners, as well as various 

dissolved inorganic solids. 

COLOR MEASUREMENT TECHNIQUES 
Many 

reported 

of the 

different color 

in the literature. 

pH dependence of 

measurement techniques are 

This is basically the result 

the color bodies and the 

interference from suspended solids. Other differences 

include the units used to report color and the wavelength 

used to measure absorbance. 
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Standard Methods 

for the 

(12) details three 

measurement of color: 

separate 

A visual procedures 

comparison method; a spectrophotometric method; and a 

Tristimulus Filter method. The spectrophotometric method 

involves centrifugation, filtration and adjustment of the 

pH of the samples to 7.8. 

in a narrow spectral band 

400-700 nm. Averaging 

Transmittance is then measured 

with light in the range of 

techniques are then used to 

calculate and report the results in terms of dominant 

wavelength, hue, luminance and purity. 

Absorbance at a wavelength of 420 nm was used by 

Olthof and Eckenfelder (13) to measure the color of their 

samples after pH adjustment to 7.0. The results were 

reported in absorbance units. This method did not account 

for suspended solids interference. Lee et al. ( 14) 

centrifuged 

to 7.5 and 

converted to 

samples to remove suspended solids, adjusted pH 

measured absorbanoe at 450 nm. Results were 

American Public Health Association (APHA) 

color units by using a standard curve. 

A more standardized test for color measurement of pulp 

and paper wastes was presented by the National Council of 

the Paper Industry for Air and Stream Improvement, Inc. 

(NCASI) ( 15). This method prescribes filtration through a 

0.8 pm filter, pH adjustment to 7.8, and the measurement of 

absorbance at 485 nm. Standardization of the 

spectrophotometer is accomplished by using a commercially 

avialable Platinum Cobalt Standard (Pt-Co). 
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The· method recommended by the Pulp and Paper Research 

Institute was developed and prescribed by Melynk et al. --
(16), and reports color in terms of mg/L of color. A 

sample having 1.0 mg/L color has the same absorbance as 

that of 1.0 mg/L platinum in a commercially available 

standard chloroplatinate solution when measured at 465 nm. 

ULTRAFILTRATION SYSTEMS AND OPERATIONAL PARAMETERS 
Various ultrafiltration systems have been used to 

treat pulp and paper wastes. The primary differences in 

these systems are the membrane configuration and molecular 

weight out-off (MWCO). The membrane oonfiguratons that are 

most widely used in pulp and paper studies are the 

spiral-wound membrane, tubular membrane and the plate and 

frame. The typical ultrafiltration membrane used for pulp 

and paper waste has a MWCO in the range from 1,000 to 

20,000 mw and uses trans-membrane pressures in the range 

from 25 to 150 psig. Permeate flux, color rejection, 

membrane fouling and cleaning procedures vary widely with 

the type of membrane, pressure and waste stream treated. 

The following sections review the various published 

attempts to treat pulp and paper wastes by ultrafiltration. 

SPIRAL-WOUND MEMBRANE ASSEMBLIES 

A spiral-wound membrane module consists of two 

membrane sheets wound around a central permeate collection 

tube. Various types of spacers ar.e used to separate the 
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membrane sheets. The feed solution travels along the 

spacer and axially across the membrane surface. Liquid 

permeating the membrane flows along a permeate carrier 

channel to the collection tube (Figure 1). 

Fremont and Kleper (4) used a 4-inch diameter, 40 fl 

spiral-wound membrane on the first stage caustic extraction 

and the decker effluent of a Kraft process pulp and paper 

mill. The membranes were manufactured of type NRP 

polysulfone by the Walden Division of ABCOR Inc. The 

membrane experienced severe fouling problems when used in 

field studies on fresh wastes, with permeate flux declining 

50% within the first 15 minutes and declining rapidly over 

the next 3 hours. After starting with an initial flux of 

57.9 aallons/ft2 day (GFD), overnignt operation resulted in 

a flux reduction to 3.3 GFD. 

Analysis of the foulant layer led the authors to the 

conclusion that the foulant was caused by the recycle of 

white 

f oulant 

water from the paper mill back to the pulp mill. The 
0 was analysed and found to be 88% volatile (105 C), 

5.8% kaolinite clay, 4% starch, 1.4% titanium dioxide and 

1% carboxylic acid salt. After months of trying to 

pretreat the feed stream in an attempt to reduce the 

foulant load, the spiral-wound membrane was abandoned. It 

was concluded that no practical solution to the fouling 

problem would be found within the time constraints of the 

study, and attention was then shifted to tubular membrane 

geometries. 
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Figure 1. Schematic diagram of spiral-wound ultraf11tration 
membrane module. 
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In a study on water containing humic substances, Arora 

and Micbalczyk (17) also experienced severe fouling 

problems with spiral-would membranes. Humic compounds are 

of roughly the same molecular weight distribution as the 

major color bodies in pulp and paper wastes. The 

spiral-wound membranes rapidly collected a layer of 

foulant, of which calcium was a major component. Cleaning 

with tetrasodium pyrophosphate (TSPP) and sodium 

tri-polyphosphate (STPP) restored flux levels somewhat, but 

the addition of chelating forms of phosphorous such as 

sodium hexametaphosphate (SHMP) to the upstream feed did 

not have a significant impact on fouling. 

PLATE AND FRAME MEMBRANE ASSEMBLIES 

Plate and frame ultrafiltration assemblies consist of 

two ridgid plates held within a frame which is usually 

bolted together. The membranes are sheets which fit 

between the plates. Spacers or screens are situated above 

and below the membranes and provide spaces where the 

retentate and permeate streams flow. Ports in the plates 

allow the feed stream access to the membrane and provide an 

exit channel for the permeate. Plates are often stacked to 

provide more surface area per frame assembly (Figure 2). 

Plate and frame ultrafiltration assemblies have been 

used extensively in pilot-plant studies and in full-scale 

treatment facilities at pulp and paper mills. Dorica (18) 

used a pilot plant system with a membrane MWCO of 6,000 
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UP - Upper plate 
LP - Lower plate 
M - Membrane 

RS - Retentate spacer 
PS - Penneate spacer 

Figure 2. Schematic diagram of plate and frame ultrafiltration 
module. 
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m.u. to treat the caustic extraction effluent of a Canadian 

mill. Membrane flux stabilized at 65 GFD with 82% color 

removal at 150 psig .. Membranes were regenerated (cleaned) 

with both detergent and a solution of sodium hydroxide plus 

ethylenediaminetetraacetic acid (EDTA). Neither of the 

cleaning solutions restored membrane flux to 100% of the 

initial rate. After 15 regenerations, the membrane flux 

stabilized at 55% of the original rate of 117 GFD. 

Dorica also determined that a feed temperature 

increase of 5° C provided a 7% increase in membrane flux. 

Membrane deposits were analysed and found to have a 

crystalline character with the dominant cations (magnesium 

and calcium) being in the form of carbonates and hydrated 

carbonates. Laboratory studies showed the deposits to be 

readily solubilized in 5N HCl. It was postulated that the 

acidic effluent from another bleaching stage operation 

could be used as a regenerant solution. Rejection of low 

molecular weight chlorinated organics was not noticed. 

A widely published pilot plant study using a plate and 

frame ultrafiltration system at the Iggesund Bruk (Sweden) 

mill was reported by Claussen (19), Olsen (20) and Wagner 

(21). Usina modules in series, the plant produced a volume 

reduction of 95%, color reduction of 87% and total organic 

carbon (TOC) reduction of 65% from the caustic extraction 

effluent. The 

at operational 

membranes and 

average stabilized membrane flux was 84 GFD 

pressures from 90 to 180 psig. The 

UF system were designed by De Danske 
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Sukkerfabrikker Co. (The Danish Sugar Co, Denmark) and the 

Elektrokemiska Aktiebolaget Co. (EKA, Sweden). The 

membranes were of a polysulfone material and had pores in 

the 10 nm (1,000 MWCO) range. Cleaning was required every 

3 weeks and the average membrane life was 8,000 hours of 

operation (1 year). 

Analysis of the concentrated lignin retentate 

indicated. that it could be modified to make an adhesive for 

particle board and plywood (21), or it could be burned 

either separately or with the black liquor in the recovery 

furnace. Lundhal and Mansson (22) indicated that the 

heating value of the concentrate was 14.7 kJ/g dry solids 

(6320 BTU/lb), and that this value would compensate for the 

energy required. for evaporation of the concentrate from 5% 

to 60% total solids. Operational and capital costs (10 

years at i=lOX), were estimated to be$ 5.50/ton of pulp 

produced. 

At a full scale commercial plate and frame 

ultrafiltration plant operating at the Sanyo Kokusaku 

lwakuni pulp mill in Japan, Watanabe et al. (23) reported 

85% color 

The plant 

removal 

had a 

from the caustic extraction effluent. 
~ membrane area of over 7,200 ft , and 

operated at pressures of 800 kPa (120 psi). It treated one 

third of the total caustic extraction effluent flow. The 

authors also reported that the concentrated lignin 

retentate is burned along with the black liquor in the 

recovery furnace without adverse effects. 
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TUBULAR MEMBRANE ASSEMBLIES 

Tubular membranes are simply tubes of a single layer 

of membrane material through which the feed stream is 

pumped at high pressures and at velocities sufficient to 

create completely turbulent flow. The membrane tube is 

exclosed within a rigid housing, with a space between which 

collects the permeate. The permeate exits through a port 

in the housing, while the retentate exits the end of the 

membrane tube (Figure 3). 

Tubular assemblies have been used in the pulp and 

paper industry for purification and fractionation of 

different process and waste streams. After Fremont and 

Kleper (4) abandoned the use of spiral-wound membranes on a 

Kraft caustic extract, they used tubular membranes which 

were a proprietary 

pretreatment was 

formulation of ABCOR Inc. 

employed including polymer 

Extensive 

addition, 

hydrasieving, deep bed media filtration, basket filtration, 

disc filtration and cartridge filtration in series. The 

authors reported an average stabilized flux level of 62 GFD 

at 75 psi and an average color reduction of 91%. Changes 

in feed pH and temperature produced no noticeable effect on 

membrane flux, permeate quality or fouling rates. The 

treatment costs for an 800 ton/day pulp mill were estimated 

to be $1.37/ton of pulp. 

Muratore li .AL. ( 2 4) operated a 4 m 'J. ( 43 ft 2. ) 

pilot-plant using Abcor FR type cartriges at a pulp and 
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Figure 3. Schematic diagram of a tubular ultrafiltration 
membrane module. 
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paper mill in France. They achieved 84% color rejection 

and 90% volume reduction from the caustic extraction 

effluents. Operating pressures of 350 kPa (50 psig) and a 

velocity of 4 m/sec were used. Two types of proprietary 

ABCOR tubular membranes were used; both were cleaned with 

detergent. The ABCOR HFM membrane had a larger molecular 

weight cutoff. produced fluxes of 5.5 m~/m~ day (135 GFD). 

and 70% color removal. The ABCOR HFK membrane had a 

smaller molecular weight cutoff, produced fluxes of 3 m3 /m~ 

day (74 GFD) and a 84% color removal. Influent color was 

13,000 color units while the average permeate color was 

3,000 units. 

GENERAL REFERENCES 

A study by Hill and Fricke (25) showed that 

ultrafiltration effectively removed organic salts and 

inorganic acids from Kraft black liquor at a Union Camp 

mill producing unbleached brown stock from softwoods. 

Membranes made of polysulfone, cellulose acetate and 

acrylic were used having a 1,000 MWCO limit. The process 

effectively separated ·high and low molecular weight 

lignins; rejection ot certain inorganic salts was also 

observed. 

Woerner and McCarthy (26) used ultrafiltration to 

produce purified Kraft lignin and to concentrate weak black 

liquor. The authors found that lignin purification was 

best achieved at low pressures and pH greater than 12. It 
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was also · observed that concentration of weak black liquor 

was best at high trans-membrane pressures and in neutral 

solution. Caustics, chelating agents and detergents were 

used in various combinations to regenerate the membranes. 
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CHAPTER III 

METHODS AND MATERIALS 

WASTEWATER COLLECTION AND CHARACTERISTICS 

Raw waste for this research was obtained from the 

Union Camp Corporation pulp and paper plant in Franklin, 

Virginia. The three waste streams sampled were the bleach 

plant effluent, main mill (pulp mill) effluent and the 

biologically treated combination of bleach plant and main 

mill effluents. The bleach plant waste was sampled 

approximately 1/3 mile from the plant at the point just 

before it mixes with the main mill waste. The main mill 

waste was sampled after primary clarification at the point 

just before it is mixed with the bleach plant effluent. 

The biologically treated waste was sampled at the pump 

station #2 discharge area approximately 2 miles from the 

plant. A characterization of th~ three wastes used in this 

study is presented in Table 1. 

Nalgene carboys were used for collection, transport 

and storage of samples used in laboratory studies. The 

samples were collected and transported in an eXPeditious 

manner by Union Camp employees and graduate students from 

Virginia Tech on an as-needed basis. 

Field study samples were provided by continuous flow 

of bleach plant and main mill wastes through a small 

laboratory building provided by the Union Camp Corporation 
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Table 1. Waste characteristics of the biologically treated, Main 
Mill and Bleach Plant wastes. 

W A S T E 
PARAMETER BIOTREATED MAIN MILL BLEACH PLANT 

pH 7.2 11.0 3.4 

Color 2300 1400 2500 (Pt-Co units) 
* TSS (mg/L) 74 40 125 

TOC (mg/L) 140 260 400 

TKN (mg/L) 8.8 11.8 3.5 

Cl- (mg/l) 630 32 1000 

so4= (mg/L) 320 110 600 

* after primary clarification 
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near the confluence of these two waste streams. Biotreated 

waste was obtained at pump station #2 and hauled in a 1,000 

gallon tank truck which was parked outside the laboratory 

building. The waste was then piped into the building by 

gravity feed. The tank truck was refilled on an as-needed 

basis, but at least every second day. 

ULTRAFILTRATION EQUIPMENT 
A plate and frame type, tangential flow ultrafilter 

(Pell icon Cassette), manufactured by the Millipore 

Corporation (Bedford, MA), was used in all studies. The 

unit consists of two acrylic manifolds between which the 

ultrafiltration membrane sheets are held. The manifolds 

are bolted together within a nylon-coated aluminum frame, 

as shown in Figure 4. Ports machined into the manifolds 

direct the flow through two inlets (one of which was 

plugged), across the membrane and allow the retentate and 

permeate to exit through separ&te ports. The influent line 

was equipped with a direct reading pressure gauge between 

the pump and cassette to monitor membrane pressures. The 

retentate line was equipped with a valve to provide 

variable backpressure. All hoses and connectors were high 

pressure tetrafluoroethelyne (TFE) plastic. The 

manufacturer's maximum recommended pressure was 100 psi. 

The driving force for the ultrafilter was provided by 

a variable flow, positive displacement, graphite vane, high 

pressure pump manufactured by Procon Inc. (Murfreesboro, 
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Figure 4. Schematic diagram of the Millipore Pellicon Cassette 
and acessory equipment. 
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TN) and sold through Millipore Corporation. The pump had 

an internal pressure relief by-pass at 100 psi. 

Membranes used in this research were purchased from 

Millipore and were of two basic types and molecular weight 

(mw) cutoff sizes. One type was a polysulfone 10,000 mw 

(lOK) cutoff membrane (Millipore model PTGC), with a total 

surface area of 0.5 square feet. The other was a cellulose 

acetate membrane (Millipore model PCAC), with a 1,000 mw 

(1K) cutoff and a total surface area of 0.5 square feet. 

To comply with manufacturers recommendations to avoid 

large solids passing through the system, all raw wastes 

were first passed through a dual media sand and gravel 

filter. The filter consisted of a 4-inch diameter, clear 

acrylic column containing 18 inches of 0.5 mm filter sand 

and 10 inches of gravel. Ports were provided at the top 

and bottom for introducing and withdrawing waste. The 

column was backwashed manually when filtrate recovery rate 

declined. 

ULTRAFILTRATION PROCEDURES 

Initial laboratory studies were performed to determine 

the optimum pressure and membrane loading rate for maximum 

permeate recovery. Samples were subjected to varying 

pressures and loading rates in separate studies. While 

holding loading rates at constant values, pressures were 

varied over the operating range of the high pressure pump. 
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From 

possible 

provided 

establish 

the pressure vs loading rate plots it was also 

to select the membrane loading rates . which 

the most stable permeate flux. The purpose was to 

a minimum loading rate (MLR) which will provide 

sufficient trans-membrane fluid velocity to keep solids in 

suspension at the operatinc pressure. This would reduce 

the deposition of solids and prevent foulinc. 

The Millipore Cassette Ultrafilter is capable of 

and several modes of operation, including single-pass 

recirculation modes. The recirculation mode is basically 

the same as a single-pass mode except the retentate flow is 

returned to the influent reservoir for recycle (Figure 5). 

Laboratory studies included both modes of operation. 

Optimum pressure and f lowrate determination studies used 

the single-pass mode. The recirculation mode was also used 

in the laboratory to concentrate 20 liter volumes of waste 

to approximately 4 liters. Field studies used the 

single-pass mode for determining the behavior of membranes 

and permeate quality changes over long-term use. 

Retentate f lowrates and permeate flux rates were 

measured by timing the collection of samples in clean, 

graduated cylinders with a digital stopwatch. Influent, 

retentate and permeate samples were collected for various 

physical and chemical analyses during all studies. 

Glassware used for sample collection was washed in 

detergent, rinsed with tap water and then rinsed with 

distilled-deionized water. 
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Retentate 

Penneate 

a. Single-pass mode 

Retentate 

Penneate 

b. Recirculation mode 

Figure 5. Single-pass (a), and Recirculation (b) modes of 
operation. R - Reservoir, P - Pump. 
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The polysulfone membranes were cleaned with either a 

0.1 M solution of sodium hydroxide, a 0. 1 M solution of 

sodium hypochlorite or a detergent solution in the recycle 

mode. The system was operated at high trans-membrane 

velocity for 15 minutes, allowed to stand for 15 minutes, 

operated at high velocity for another 15 minutes, then 

flushed liberally with tap water to remove all remaining 

cleaning solution. One study involved the soaking of 

membranes overnignt in the detergent solution before reuse. 

The cellulose acetate membranes were cleaned with a 

commercial dry laundry detergent (Trend) which was 

dissolved in tap water and filtered to remove solids. This 

method was recommended. by the manufacturer since the 

cellulose acetate operating pH range is 4 to 8. The system 

was initially operated at high velocity in the recycle mode 

for 15 minutes, allowed to stand for 15 minutes, operated 

at high pressure and velocity for another 15 minutes, then 

flushed with tap water. During some of the field studies 

the membrane was allowed to stand overnignt with the 

solution in the system to evaluate this long-term soaking 

alternate procedure. 

PHYSICAL AND CHEMICAL ANALYSES 

pH: Samples were analysed for pH using a Fisher 

Accumet pH meter model 610. This meter complies with the 

glass electrode method #423 as described in Standard 

Methods ( 12). 
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Color: Color measurements were performed in 

accordance with the NCASI method (15). The procedure 

requires that mill effluent samples for color analysis be 

filtered through a 0.8 micron membrane filter (MSI Magna 

Nylon 66), pH adjusted to 7.6 and the absorbance measured 

at a wavelength of 465 nm. The absorbance was measured 

using a Beckman DU-6 UV-Visible Spectrophotometer (Irvine, 

CA), which was calibrated with a blank of 

distilled/deionized water. A standard curve for the 

measurement of color was prepared using dilutions of a 

Platinum Cobalt Color Standard (500 color units) (Figure 

6). Samples with absorbances outside the range of the 

standard curve were diluted with distilled/deionized water 

to bring them back within the linear range. The final 

color values were then multiplied by the dilution factor to 

obtain the actual color value. Standard curves were 

rechecked periodically to account for any instrumental 

changes. 

Total Organic Carbon (TOC): The TOC of all samples 

was measured using a Xertex-Dohrmann DC-80 Carbon Analyzer 

(Santa Clara, CA). All samples were subjected to 

filtration through a 0.8 micron membrane filter (MSI Magna 

Nylon 66), acidified with phosphoric acid and sparged with 

oxygen to remove inorganic carbon and purgeable organic 

carbon (POC). 
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The instrument was calibrated. in accordance with the 

operating instructions using standard solutions of 

potassium hydrogen pthalate as a carbon source. The 

samples were then injected into a reaction vessel 

containing a solution of phosphoric acid and potassium 

persulfate and subjected to ultraviolet radiation which, 

along with the persulfate solution, oxidized all remaining 

organic carbon to carbon dioxide. The gasses were then 

passed through a wide-band, infrared spectrophotometer 

which measured. the carbon dioxide and reported the results 

in mg/L on a digital readout. 

Total Suspended Solids (TSS): Total Suspended Solids 

(TSS) was measured in accordance with Method #209C as 

described in Standard Methods (12), using Whatman 934AH 

glass fiber filters. 

Total Dissolved Solids (TDS): Total Dissolved Solids 

(TDS) was measured in accordance with Method #2098 as 

described in Standard Methods (12), using Whatman 934AH 

glass fiber filters. 

Total Kjeldahl Nitrogen (TKN): Total Kjeldahl 

Nitrogen (TKN) was measured in accordance with Method #420A 

as described in Standard Methods (12). 
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Anion Analysis: Analysis of anionic species (eg; Cl-, -504 F- ) was measured using a DIONEX 2010i Ion 

Chromatograph connected to a DIONEX 4270 integrator 

(Sunnyvale, CA). The instrument used a DIONEX HPIC-AS3 

column with an anion fiber suppressor. The eluent used was 

a 0.0028 M sodium bicarbonate and 0.0022 M sodium carbonate 

solution. The regenerant was 0.025 N sulfuric acid. The 

instrument was operated at 480-500 psig, with a regenerant 

flowrate of 4.0 ml/minute and an eluent flowrate of 2.5 

ml/minute. The sample size used was 50 microliters. 

Dilutions were made when necessary to keep the column 

response within the effective range of the instrument. 

It was impossible to distinguish the peaks of the 

fluoride and acetate ions from each other. Both are known 

to be present in significant quantities and occasional 

double peaks were recognizable. Attempts to resolve this 

problem involved reducing the concentration of the 

regenerant, decreasing the pressure across the column, 

decreasing the flowrate of the regenerant and dilution of 

the sample. The results were not repeatable, therefore, 

the area under the double peaked curve, which includes both 

fluoride and acetate, was reported as fluoride/acetate. 

Cation Analysis: Analysis of cationic species (eg; Cai+ 
.... + + Mg ,Na , K ) was measured using a Perkin-Elmer 703 Atomic 

Absorption Spectrophotometer (Norwalk, CT). Samples were 

filtered through 0.45 micron filters and were not 
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acidified. Dilutions were made when necessary to bring the 

ionic levels within the linear range of the instrument. 

Samples were measured against commerciall~ available 

standards (Fisher Scientific). 

Molecular 

Molecular Height 

Height Distribution 

Distribution (MND) 

of Organics: The 

of organic compounds 

present in the raw, retentate and permeate samples was 

quantified using an AMICON 8200 apparatus on Corning 

stirrers {PC 353) using various pore size membranes. 

Appropriate dilutions were performed to insure that the TOC 

of the diluted sample was below 10 mg/L. About 50 mL of 

the diluted samples were placed in the AMICON containers 

having 500, lK, 5K, lOK and 30K mw cutoff membranes. The 

TOC of the permeate was then compared with the initial 

diluted TOC to obtain the MWD of the organics present in 

the sample. 

Molecular size is reported in the Dalton unit of 

measurement. One Dalton is the reciprocal of Avogadro's 

number, and therefore a constant, which has the true units 

of moles/molecule. This gives the Dalton a standard 

molecular size to molecular weight relationship, therefore 

a molecule having a gram molecular weight of 32 would have 

a size of 32 Daltons. 
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CHAPTER IV 

RESULTS 

This chapter presents results from the experiments 

performed to evaluate ultrafiltration as a method of color 

and TOC removal from pulp and paper effluents. Many 

different schemes for pretreatment and process modification 

were evaluated. Each section below explains what 

parameters were examined and why they were considered 

important. Further discussion of these results is 

·contained in chapter V. 

RESULTS OF LABORATORY STUDIES 

OPTIMIZATION OF OPERATING TRANSMEMBRANE PRESSURE 

Effective ultrafilter operation depends upon a balance 

between transmembrane pressure and membrane loading rate 

(feed rate). As transmembrane pressure increases, the 

membrane flux increases. As a result, fluid velocity must 

also increase to prevent solids from being deposited upon 

the membrane. An increase in fluid velocity means the feed 

rate must be 

interdependent 

increased. These two variables are closely 

and require treatability studies to produce 

an optimal configuration. 

One of the goals of effective ultrafilter operation is 

to optimize the percent of permeate recovery per unit of 
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waste pumped 

involved with 

pressure. The 

across 

percent 

higher 

the membrane. ·The primary factor 

permeate recovery is transmembrane 

the pressure, the more permeate 

recovered per volume of waste pumped. 

Initial treatability studies were conducted in the 

single-pass mode on raw wastes at room temperature. Nhile 

maintaining a constant feed. rate, membrane pressures were 

varied over the operating range of the system (0-100 psig). 

An unusual drop in membrane flux indicated deposition of 

solids upon the membrane; this allowed a graphical analysis 

solution of the optimum pressure required. 

Data from pressure studies conducted on the main mill 

and biotreated effluents are presented in Figures 7 through 

9. Changes in membrane flux and permeate quality when main 

mill waste was treated on the 10K membrane are illustrated 

in Figure 7. The membrane flux was linear with pressure up 

to 100 GFD at 95 psig. The permeate water quality with 

respect to residual color level and TOC improved slightly 

with increasing pressure. 

Similar behavior was observed when the biotreated 

was treated on the lOK membrane, as depicted in waste 

Figure 

maximum 

8. Again, the flux plot is nearly linear, with a 

flux of 110 GFD at 90 psig. Permeate quality again 

improved since 

was noticed as 

slightly at the 

a modest decrease in permeate color and TOC 

pressure increased. The flux plot curves 

higher pressures, indicating that solids 

were starting to accumulate on the membrane. 
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The 

membrane 

indicated 

behavior of the biotreated waste on the lK 

is presented by Figure 9. Pressure studies again 

that the membrane flux was linear with a maximum 

membrane flux of 21 GFD at 100 psig. Permeate color and 

TOC also decreased modestly with increasing pressure, as 

with the lOK series of tests. 

These and other studies indicated that the true 

optimum pressure for both membranes was outside the 

operating pressure range of the system. All wastes were 

then treated at the same operating pressure to compare 

rejection characteristics accurately. To avoid operating 

the system at the maximum pressure for extended periods of 

time, 90 psig was chosen as the operating pressure for 

future studies. 

OPTIMIZATION OF FEED LOADING RATE 

Once the optimum pressure was selected, it was 

necessary to choose an operating feed rate. This was 

chosen as the minimum rate necessary to prevent excessive 

fouling at the operating pressure. The minimum rate is 

used to reduce pumping costs and also optimize the percent 

permeate recovery. 

of 

The 

feed 

pressure 

rates. 

studies were conducted over a wide range 

By comparing the feed rates from many 

plots, it was possible to determine a miminum loading rate 

(MLR). This would be the lowest feed loading rate (in GFD) 

at which membrane fouling was minimized at 90 psig. 
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Data from pressure studies conducted with the lOK 

membrane on biotreated waste are p~esented in Figures 10 

through 12. Figure 10 reflects the behavior of a membrane 

which fouled at the higher pressures, since the flux curve 

deviates sharply at 80 psig. This indicates that the feed 

rate of 925 GFD did not provide enough fluid velocity to 

keep solids from becoming trapped on the membrane surface 

at 90 psig. Permeate TOC concentration decreased from 49 

mg/L to 33 mg/l with increasing pressure but the color 

level decreased only modestly from 184 to 118 pt-Co units. 

The same type of fouling is depicted by Figure 11, 

only at a lower pressure. The flux curve started deviating 

at 40 psig, the reason being the significantly lower feed 

rate of 740 GFD. Once again, permeate TOC declined 

significantly with increasing pressure from 54 mg/L to 38 

mg/L; the color data were inconclusive. 

Data presented in Figure 12 once again illustratb 

fouling beginning at 40 psig with a feed rate of 570 GFD. 

Permeate TOC declined significantly again while the 

residual color level increased. 

From the analysis of many pressure/feed rate plots, 

the mimimum loading rate was chosen as 1,100 GFD. This 

corresponded to a fluid velocity of 0.2 M/s (0.85 fps). 

This velocity was slightly low according to similar 

industrial applications of 0.3 M/s (27). 
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PRETREATMENT BY pH ADJUSTMENT 

Pretreatmemt by pH adjustment was investigated as a 

possible enhancement to the ultrafiltration process. 

Biotreated effluent was adjusted to pH 4.5 with sulfuric 

acid. A pressure versus membrane flux plot of this waste 

is shown in Figure 13. The flux, color and TOC values were 

nearly identical with the raw biotreated waste as shown in 

Figure 10. Aside from a slightly lower membrane flux, the 

acidification had virtually no effect upon ultrafiltration 

characteristics. Fremont and Kleper (4) also noticed that 

pH adjustment had no effect upon ultrafiltration 

characteristics of first stage caustic extract. 

PRETREATMENT BY ALUM ADDITION 

Previous investigation by Bhinge (29) revealed an 

optimum alum dose for biotreated waste of 400 mg/L at pH 

5.3. A study was undertaken to treat a quantity of 

biotreated waste with a sub-optimum dose of alum, then 

process the supernatant through the ultrafilter. Data from 

biotreated waste which was treated with 200 mg/L alum, pH 

adjusted to 5.3, and processed on the lOK membrane are 

presented in Figure 14. The sub-optimum dose removed 70% 

of the inf luept color and 401 of the TOC. The membrane 

flux was significantly lower than raw biotreated waste, and 

the permeate color and TOC were only slightly lower than 

raw waste studies. Since permeate color and TOC levels 

were basically the same as with raw biotreated waste, it 
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appeared that alum, in a sub-optimum dose, removed the 

larger organic material preferentially, leaving the smaller 

molecular weight organics in solution. 

lOK MEMBRANE CONCENTRATION STUDY 

To fully understand the potential of ultrafiltration, 

it is necessary to know the highest concentration of solids 

attainable in the retentate/recycle flow. If, for 

instance, the solids were to be concentrated, evaporated 

and burned in the recovery furnace, it would be necessary 

to know the maximum solids concentration of the retentate 

to calculate the efficiency of the operation. The amount 

of heat required to evaporate the solids to an autogenous 

combustion concentration must be known. The higher the 

solids concentration to the evaporator, the less energy 

required to evaporate the concentrate to a combustible 

solids concentration. 

A concentration study of biotreated waste was 

conducted in the recycle mode using the lOK membrane. Just 

over three hours were required to reduce 20 liters of waste 

to a 4 liter volume or a 5X concentration. Data presented 

in Figure 15 represents flux and permeate quality changes 

over the concentration period. Flux declined rapidly at 

first, then slowed gradually to a final membrane flux rate 

of 40 GFD. Color rejection was dramatic, as the 

concentrate rose from 3,000 to over 10,000 color units, 

while the permeate color never exceeded 100 color units. 
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The data for TOC rejection were similar, as the concentrate 

ranged from 140 mg/L to 425 mg/L, while the permeate TOC 

never exceeded 60 mg/L. 

From the start of this research it was realized that 

the most difficult task would be removing dissolved solids 

from the waste. Ultrafiltration typically separates 

particulate and colloidal solids but not dissolved solids. 

Table 2 lists some of the water quality specifications 

required by the Technical Association of the Pulp and Paper 

Industry (TAPP!) in their E603 specification for water used 

in the production of bleached sulfate pulp (28). If this 

process were to provide water which meets the TAPP! E603 

specifications (250 mg/L TDS), some other form of removal 

such as reverse osmosis would be required. To further this 

objective, selected ion species were quantified during the 

concentration study. 

The rejection of sulfate by the lOK membrane is 

depicted in Figure 16. Sulfate concentration decreased 

immediately from the 320 mg/L found in the raw waste to 200 

mg/L in the permeate. The level of sulfate in the 

concentrate increased, indicating that some of the sulfate 

might have been complexed with solids which were rejected 

by the membrane. The membrane rejected an average of 34% 

of the original total mass of ion during the study. 

Other significant anions were also monitored. Data 

related to chloride and fluoride/acetate concentrations is 

presented in Figure 17. It should be noted once again that 
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Table 2. Selected water quality requirements from TAPP! 
specification E603, "Water Quality Requirements 
for the Production of Bleached Sulfate Pulp. 11 (29). 

PARAMETER TAPP! E603 SPECIFICATION 

Turbidity (NTU) 25 

True color (Pt-Co units) 5 

TDS (mg/L) 250 

Cl- (mg/L) 75 

Total hardness (mg/L as CaC03) 100 

Alkalinity (mg/L as Caco3) 75 

Fe (mg/L total) 0.1 
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the fluoride/acetate concentrations reported are actually 

the sum of fluoride and acetate. The plot showed slightly 

higher 

but the 

concentrations in the concentrate than the permeate, 

concentrations were steady over the period of the 

test. The concentrate maintained an average 2.8 mg/L while 

the permeate averaged 2.5 mg/L. The membrane rejected an 

average of 25% of the original total mass of ion during the 

study. 

The chloride data were inconclusive. Although a 

general trend towards concentration may be inferred, the 

data fluctuated too much to establish any definite trend. 

The membrane rejected an average of 24% of the total 

original mass of chloride ion during the study; however, no 

pattern to this can be seen in the plot. 

Cation analysis revealed similar trends towards 

rejection. Figure 18 presents data from the analysis of 

sodium and potassium. Sodium rejection was indicated since 

the levels were higher in the concentrate than in the 

permeate; however, the plot is similar to the 

fluoride/acetate plot in Figure 17, where the concentrate 

and permeate maintained rather constant levels. The 

membrane rejected 29% of the total original mass of ion 

during the study. The three hour concentrate data point is 

suspicious and could be in error. 

Potassium rejection was also confirmed by the data. 

The trend was similar to the sulfate rejection in Figure 

18, where the membrane rejected all but a fixed amount of 
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the ion. The concentration of potassium in the concentrate 

increased, and the permeate level increased as well. The 

membrane passed all but about 15% of the feed potassium 

concentration, regardless of what it was. On a total mass 

basis, the membrane rejected 25% of the original mass of 

ion during the study. 

Data from the calcium and magnesium analysis are 

presented in Figure 19. Clearly, both were rejected 

readily even at the higher concentrations. Calcium ranged 

from a feed concentration of 34 mg/L to a final 

concentration of 68 mg/L, while the permeate never exceeded 

33 mg/L. Magnesium increased from a feed concentration of 

4.3 mg/L to 7.6 mg/L, while the permeate never exceeded 4.5 

mg/L. An average of 34% of the original total mass of ion 

was rejected by the membrane. 

Mass balances were calculated for the overall system 

on color, TOC and all ion species analyzed.. By balancing 

total mass of the species in the feed with the total mass 

in the permeate plus concentrate, it was possible to 

determine if any membrane adsorption of ions occurred. 

Table 3 lists the results of mass balances performed on 

ionic species during the lOK concentration study. All of 

the ionic species analyzed showed very good agreement on 

mass balance except chloride. Three balances showed 

slightly higher total mass of ion in the effluent side; 

four were higher in the feed side. To quantify the mass 

balance effectiveness, a variation was calculated by 
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Table 3. Results of mass balances on color, TOC and ionic 
species for the 5X concentration of raw biotreated 
waste with the lOK membrane. 

* MASS IN MASS OUT VARIATION RCF REMOVAL 
(g) (g) (%) (%) 

Color** 50.7 51.5 2 84.5 99 

TOC 2.55 2.66 4 16 .4 94 

Magnesium .093 .099 6 2.08 52 

Calcium . 712 . 780 9 2.79 64 

Sodium 11.3 11.2 1 1.15 13 

Potassium .572 .630 9 1.32 24 

Sulfate 6.42 6.24 3 1.28 22 

Fluoride 
plus Acetate .056 .051 9 1.30 23 

Chloride 15. 1 17.6 14 1.29 22 

* Relative Concentration Factor - final concentration in concentrate 
divided by final concentration in penneate. 

** Color is reported in tenns of Pt-Co unit concentration and not on 
a mass basis. 
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dividing the influent mass by the effluent mass. All 

balances were within a 10% variation except chloride, which 

bad 14%, and the average variation was 7%. As a measure of 

the degree of concentration, a relative concentration 

factor (RCF) was calculated by dividing the final composite 

concentrate ion concentration by the final composite 

permeate concentration. The RCF was highest for calcium at 

2.79 and lowest with sodium at 1.15. 

lK MEMBRANE CONCENTRATION STUDY 

Another concentration study was conducted using the lK 

membrane to concentrate 20 liters of lOK permeate to 4 

liters of concentrate. Slightly more than eight hours were 

required to complete the 5X concentration. Since the lK 

membrane is the lowest molecular weight cut-off 

ultrafiltration membrane made, this test represented the 

best that ultrafiltration could be expected to achieve. 

The lOK permeate saved from the previous concentration 

study, along with other lOK biotreated permeate, was used 

as feed to lessen the impact of fouling and prolong 

membrane life. 

The results from membrane flux, color and TOC 

measurements taken during the concentration study are 

presented in Figure 20. Membrane flux did not drop off 

dramatically as with the lOK study, but steadily and slowly 

declined from 25 GFD to 20 GFD in 8 hours. This was 

superior flux recovery for a lK membrane. 
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Color rejection was excellent. The feed color of 127 

units was concentrated to almost 500 units, while the 

permeate color reached only 20 units. TOC rejection was 

also very efficient, concentrating the feed TOC of 27 mg/L 

to over 80 mg/L, while the permeate TOC at the end of the 

test was still less than 10 mg/L. Permeate color and TOC 

improved slightly during the first few hours of the test. 

This phenomena was noticed on several occasions. 

Data from the sulfate analysis of the lK permeate is 

presented in Figure 21. Sulfate was greatly concentrated 

by the lK membrane, rising from 250 mg/L to almost 850 mg/L 

during the concentration, while the permeate never exceeded 

35 mg/L. An average of 95X of the total feed mass of 

sulfate was rejected by the membrane during the study. 

Notice again how the permeate sulfate concentration 

declined over the first hour. 

As seen in Figure 22, fluoride/acetate and chloride 

analysis indicated a stronger trend toward concentration. 

Fluoride/acetate rejection was more pronounced with the lK 

membrane, since the concentrate level rose from 2.5 mg/L to 

5.5 mg/L, while the permeate reached only 2.3 mg/L. Over 

49X of the original total mass of these ions was rejected 

during the study. Chloride rejection was also observed 

with consistently higher concentrations in the concentrate 

than in the permeate, and an increasing concentration 

trend. The membrane rejected an average of 25X of the 

total mass of chloride in the system during the study. 
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The rejection curves for sodium and potassium on the 

lK membrane were much different than the lOK counterparts, 

as depicted in Figure 23. 

from 500 mg/L to nearly 

Sodium now concentrated readily 

1,000 mg/L, while the permeate 

reached 525 mg/L. Potassium rejection was also more 

evident, since the concentrate levels rose from 28 mg/L to 

45 mg/L and the permeate reached only 27 mg/l. On a total 

mass basis, the membrane rejected 34% of the original mass 

during the study. 

Calcium and magnesium rejection is illustrated by 

Figure 24. Both calcium and magnesium were concentrated 

very quickly and efficiently. Calcium concentrations rose 

from 31 mg/L to 100 mg/L in the concentrate, while the 

permeate remained below 15 mg/L. An average of 80% of the 

total mass of calcium in the system was rejected by the 

membrane. Magnesium levels rose from slightly over 4 mg/L 

to almost 15 mg/L in the concentrate, but remained below 2 

mg/L in the permeate. The membrane rejected an average of 

82% of the total magnesium in the system during the study. 

Mass balances of color, TOC and ionic species are 

presented in Table 4. All of the balances were within a 

10% variation, with the average being 5%. Five of the 

balances showed slightly higher total mass in the influent 

side than in the permeate and concentrate, while two were 

higher in the effluent side. Most of the relative 

concentration factors were higher for the lK study than the 

lOK study. 
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Table 4. Results of mass balances on color, TOC and ionic 
species for the 5X concentration of IOK biotreated 
permeate with the lK membrane. 

MASS IN MASS OUT VARIATION RCF 
(g) (q) (%) 

Color 2.54 2.42 5 23.0 

TOC .534 .450 16 15.4 

Magnesium .086 .080 7 18.2 

Calcium .614 .552 10 15.7 

Sodium 9.96 10.2 2 2.57 

Potassium .560 .550 2 2.08 

Sulfate 4.72 4.33 8 70.7 

Fluoride 
plus Acetate .050 .048 4 3. 77 

Chloride 13.9 14. 1 1 1.36 

REMOVAL 
(%) 

96 

93 

95 

94 

61 

52 

99 

73 

26 

63 



RESULTS OF SOLIDS TESTING 

With the emphasis on dissolved. and suspended solids, 

numerous samples were analyzed for TDS and TSS throughout 

the entire study. Table 5 lists the average values for all 

dissolved. and suspended solids tests performed. The bleach 

plant waste was noticably higher in dissolved solids than 

the main mill waste. Since the biotreated waste is a 

combination of these two waste streams, it is also high in 

dissolved solids. Chloride from the bleach plant, sodium 

and sulfate are the three major contributors to the 

dissolved. solids content in the biotreated waste. The lOK 

membrane appeared 

not designed to 

to remove dissolved solids, which it was 

do. The lK membrane did a better job of 

removing dissolved solids, again something which it was not 

supposed to accomplish. 

were also high in the raw bleach 

due to fine cellulose fibers lost 

screens. Both the lOK and lK membranes 

Suspended solids 

plant waste, mostly 

through the plant 

removed essentially all suspended solids from all wastes. 

MOLECULAR WEIGHT DISTRIBUTION ANALYSIS 

Studies were conducted to determine the molecular 

weight distribution of organics present in the raw 

wastewater and the organics left behind after 

ultrafiltration. From these data, the fractions of 

organics removed during ultrafiltration was determined. 
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Table 5. Sumnary of solids testing results from the biologically 
treated, the Main Mill and the Bleach Plant wastes. 

TOTAL DISSOLVED SOLIDS (mg/L) 

WASTE BIOTREATED MAIN MILL BLEACH PLANT TYPE 

RAW 2060 1380 3220 

lOK 1460 1240 1780 PERMEATE 

lK 910 850 PERMEATE 

TOTAL SUSPENDED SOLIDS (mg/L) 

WASTE BIOTREATED MAIN MILL BLEACH PLANT TYPE 

RAW 74 40 * 130 

lOK <. l <. l <. l PERMEATE 

lK <. l <. l <. l PERMEATE 

* after primary clarification 
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The molecular weight distributions of the organics in 

the three wastewater sources are presented in Figures 25 

through 27. The raw bleach plant had a fairly uniform 

distribution of organics, but the majority were smaller 

than 10,000 daltons. The main mill waste had almost half 

of the organics smaller than 500 daltons and 30% larger 

than 30,000 daltons, with little in between. The 

biotreated waste was much different, having almost no 

organics smaller than 1,000 daltons and with over 60% of 

the organics larger than 10,000 daltons. The main mill and 

the bleach plant wastes were characterized by a higher 

percentage of total TOC consisting of organics with smaller 

molecular weights. 83% of the raw bleach plant organics 

and 63% of the raw main mill organics were smaller than 

10,000 daltons. In contrast, the raw biotreated waste 

contained only 28% of the total TOC smaller than 10,000 

daltons. 

Figures 28 through 30 present the molecular weight 

distribution of the organics in the lOK permeate samples. 

The organics distribution of the lOK bleach plant permeate 

changed completely from the raw waste. Only 14% of the 

organics were larger than 10,000 daltons and the smaller 

molecular weight organics predominated. The larger 

organics disappeared from the lOK main mill permeate also, 

with only 13% larger than 10,000 daltons. The organics 

smaller than 500 daltons then comprised more than 70% of 

the total. The biotreated lOK permeate contained less of 
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the organics larger than 10,000 daltons (down to 25% from 

72%), but the majority of the organics were in the range 

from 1,000 to 5,000 daltons. 

The organics distribution of representative lK 

permeate samples are illustrated in Figures 31 and 32. The 

permeates used in this analysis were from raw wastes 

applied directly to the lK membrane. The lK main mill 

permeate was almost free of larger organics with 95% of the 

TOC smaller than 1,000 daltons. The biotreated lK permeate 

contained a much lower total organic concentration than the 

main mill lK permeate and a very different organics 

distribution. Although the permeate had been through a lK 

molecular weight cut-off membrane, almost 55% of the 

organic content had a molecular size larger than 1,000 

daltons. 

The effect of organics molecular size impacts greatly 

on total TOC removal, as can be seen from the percent TOC 

removal results in Table 6. The membranes removed a 

greater percentage of the biotreated TOC than the other 

waste streams, with 84" and 97% removal efficiencies for 

the lOK and lK membranes, respectively. The total permeate 

TOC concentrations were also much lower for the biotreated 

waste; 22 mg/L in the lOK permeate and 4.8 mg/L in the lK 

permeate. 

Results of TOC removal by molecular weight fraction is 

presented in Table 7. Analysis of the lOK permeate TOC 

removals revealed that the larger size fractions of the 
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Table 6. TOC removal characteristics of the lOK and lK membranes 
for the biologically treated, Main Mill and Bleach Plant 
wastes. 

WASTEWATER SAMPLE TOC (mg/L) % REMOVAL 

RAW MAIN MILL 260 ----
1 OK PERMEATE 150 42 
1 K PERMEATE 125 52 

RAW BIOTREATED 140 ----
lOK PERMEATE 22 84 
1 K PERMEATE 4.8 97 

RAW BLEACH PLANT 400 ----
lOK PERMEATE 210 47 
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Table 7. Percent TOC removal from the biologically treated, the 
Main Mill and the Bleach Plant wastes by molecular weight 
size fraction, for the lOK and lK membranes. 

MOLECULAR 
WEIGHT 

30K 
10-30K 

S-lOK 
1-SK 

. S-1 K 
.SK 

MOLECULAR 
WEIGHT 

30K 
10-JOK 

S-lOK 
1-SK 

. S-1 K 
.SK 

MOLECULAR 
WEIGHT 

30K 
10-30K 

S-lOK 
1-SK 

. S-1 K 
.SK 

MAIN MILL WASTE 
PERCENT TOC REMOVAL 
lOK lK 
77 
87 

100 
33 
31 
12 

BIOTREATED WASTE 

97 
89 

100 
94 
31 
88 

PERCENT TOC REMOVAL 
lOK 

9S 
9S 
80 
47 
S7 
50 

BLEACH PLANT WASTE 

lK 

>99 
>99 

9S 
92 
92 
52 

PERCENT TOC REMOVAL 
lOK 

67 
57 
90 
S4 
47 

-32 

lK 
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biotreated waste had the highest percent removals, as might 

be expected. However, the highest percent removals for 

main mill and bleach plant wastes occurred in the 5-lOK 

molecular weight range. The <500 molecular weight fraction 

of the bleach plant waste actually increased in 

concentration during the lOK study. This could have been a 

result of the extreme variablity of the waste or an 

analytical error. Analysis of the lK permeates showed the 

larger molecular weight fractions of the biotreated. waste 

had the highest percent TOC removal, with removals 

decreasing as molecular size decreased.. The main mill 

waste again had the highest percent TOC removal in the 

5-lOK molecular weight range, with other fractions showing 

scattered TOC removals 

NITROGEN ANALYSIS 

A nitrogen analysis based on total Kjeldabl nitrogen 

(TKN) was performed to evaluate the nitrogen removal 

characteristics of the two membranes. A brief summary of 

the average TKN-N concentrations of the major wastes and 

their permeates is presented in Table 8. The main mill 

waste contains the largest concentration of TKN-N at 11.8 

mg/L, with the biotreated and bleach plant wastes 

containing 8.8 mg/L and 3.5 mg/L, respectively. The lOK 

membrane rejected less than half the TKN-N concentration of 

the bleach plant waste and only 28% of the main mill 

concentration. The greatest removal occurred with the 
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Table 8. Results of TKN analysis for the biologically treated, 
the Main Mill and the Bleach Plant raw wastes and 
penneates. 

TOTAL KJELDAHL NITROGEN (mg/L) 

SAMPLE BLEACH MAIN BIOTREATED 
TYPE PLANT MILL 

RAW 3.5 11.8 8.8 

lnK 2.0 8.5 0.8 PERMEATE 

lK --- 4.8 0.2 
PERMEATE 
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biotreated waste, in which 91% of the TKN-N concentration 

was rejected down to a level of 0.8 mg/L. 

Both of the lK permeate samples were produced from raw 

waste applied directly to the lK membrane. The main mill 

lK permeate contained a lower concentration of TKN-N than 

the lOK permeate, removing almost 60% of the influent 

concentration down to 4.8 mg/L. The lK biotreated permeate 

also contained less TKN-N than the lOK permeate, removing 

all but 0.2 mg/L for a 98% removal effeciency. 

MEMBRANE CLEANING STUDY RESULTS 

Laboratory studies on fouled membranes were conducted 

to determine the best membrane cleaning (regeneration) 

procedure. Different cleaning agents and procedures were 

used to evaluate the effectiveness of sodium hydroxide, 

sodium hypochlorite and Trend laundry detergent to restore 

flux to a fouled membrane. 

A comprehensive examination would require time and 

energy beyond the constraints of this research. It was 

difficult to quantify the effectiveness of different 

cleaning agents on different membranes with different 

wastes. Quantification of a degree of flux restoration 

entails such variables as the waste last treated, the 

pressure used, the cleaning agent used, the cleaning 

pressure used and the waste to be treated next. 

General laboratory experience indicated that all three 

cleaning agents were effective in regenerating the lOK 
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membrane. Flux appeared to be restored to fouled membranes 

equally by all methods. Detergent worked best when the 

membrane was allowed to stand overnignt in the solution, 

and made the membrane appear "whiter" than the others. No 

significant differences in permeate quality were observed 

when comparing the use of the various cleaning agents. 

The lK membrane, being made of cellulose acetate, 

could not withstand the chemical attack of the sodium 

hydroxide or the sodium hypochlorite; therefore, it was 

cleaned exclusively with detergent. Considerable cleaning 

was achieved by circulating the detergent solution at high 

pressures and velocities in the recycle mode for 15 

minutes. However, the "whitest" membrane was attained by 

overnignt soaking, as with the lOK membrane. 

Having determined that all three cleaning agents 

perform equally well with the lOK membrane, the preferred 

method of regeneration was decided on the basis of ease of 

use and handlii.ag. The sodium hydroxide solution was easier 

to make and store than the hypochlorite solution. 

Therefore, the sodium hydroxide solution was used in all 

field studies to regenerate the lOK membranes. 

RESULTS OF FIELD STUDIES 

NEW AND USED MEMBRANE COMPARISON STUDIES 

The strategy during the field studies was to start 

treatment of a waste with a new membrane, then put it 

81 



through several fouling/regeneration cycles to evaluate the 

degree of permanent flux loss due to fouling. Permeate 

quality changes were monitored. to detect any loss of 

performance. All loading rates were 1100 GFD or higher 

Data from a study to evaluate the main mill waste on 

new and used lOK membranes are presented. in Figure 33. The 

used 

the 

membrane in this case is the fourth regeneration of 

new membrane. The initial membrane flux after 

regeneration stabilized. at about 65 GFD. The new membrane 

bad a better initial flux rate at 135 GFD; however after 4 

or 5 hours of operation, both membrane fluxes were similar. 

The color was higher for the new membrane permeate 

initially, but after 3 hours, the rejection characteristics 

were similar to that of the used membrane. TOC 

concentrations were also slightly higher for the new 

membrane permeate 

initial membrane 

initially. After 

flux deteriorates 

many regenerations, 

by over 50% from new 

membrane flux; however, after a few hours of operation the 

flux and permeate rejection characteristics are almost 

identical. 

New and used membrane studies were also conducted. with 

bleach plant waste treated on the 10K membrane. Figure the 

34 depicts four uses of the same membrane, two when new and 

two 

only. 

after many previous uses on the bleach plant waste 

Both the new and used membranes were regenerated 

after three hours. The new membrane had an initial flux of 

over 150 GFD but quickly lost flux down to 35 GFD in three 
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hours. The membrane was immediately regenerated and placed 

back in service. Membrane flux returned to only 80 GFD and 

quickly deteriorated back down to 30 GFD in 1.5 hours. The 

used membrane initial flux was only 50 GFD. The membrane 

flux quickly stabilized and declined to 28 GFD after three 

hours. Immediate regeneration of this membrane caused a 

higher initial flux, but the flux again dropped quickly to 

stabilize at around 30 GFD. 

The new membrane appeared to have done a much better 

job of removing color than the used membrane, but the feed 

color content was 500 Pt-Co units higher for the used 

membrane. Wide color 

characteristic of the 

feed color fluctuated, 

f luotuations were a common 

bleach plant waste. Although the 

after one use of the membrane the 

color rejection characteristics were almost identical. 

Fluctuations in TOC content was also a characteristic of 

the bleach plant waste. These fluctuations led to 

inconclusive results on the TOC rejection characteristics 

of new and used membranes. A generalized idea of TOC 

rejection was concluded to be around 50% of feed 

concentration. 

Data from the new and used 10K membrane studies 

conducted 

The used 

previously 

a higher 

rates were 

on biotreated waste are depicted in Figure 35. 

membrane in this case was used five times 

on biotreated waste only. The new membrane had 

initial flux rate; however after 30 minutes the 

very close, and after 6 hours the rates were 
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identical at 35 GFD. The new and used membrane color 

rejection characteristics were also nearly identical. Both 

the new and used membrane permeate color decreased 

substantially during initial use and finally stabilized at 

60 color units from a feed color of over 2300 units. TOC 

rejection was also very similar, with new and used membrane 

permeate concentrations decreasing to stabilize at 20 mg/L, 

down from a feed concentration of 137 mg/L. 

New and used membrane studies were also conducted with 

the raw biotreated waste directly on the lK membrane. The 

flux and rejection characteristics of the new and used lK 

membrane were very similar, as seen in Figure 36. In this 

case, the used membrane had been used three times on 

biotreated waste 

higher initial 

only. The 

flux rate, 

flux was 

stabilized 

new membrane experienced a 

but after 1 hour the membrane 

The membrane flux never nearly identical. 

but slowly decreased in 5 hours from about 20 

GFD to 16 GFD. Permeate color levels were higher initially 

for the new membrane, although they improved rapidly. 

After three hours, both membrane color levels had 

stabilized at around 10 color units. TOC rejection was 

also very similar for the new and used membranes. After 

initial declines in permeate TOC concentration, both 

permeate concentrations stabilized at around 4 mg/L. New 

and used membranes both experienced improved permeate 

quality over the first few hours of operation. 
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SUMMARY OF TREATMENT EFFECTIVENESS 

A summary of the lOK and lK membrane waste treatment 

results is presented in Tables 9 and 10 respectively. Each 

waste stream is identified along with the permeate water 

quality characteristics in 11111/L and percent removal. In 

those tests where membrane flux stabilized or indicated 

stability, the stable flux is listed. In those tests where 

flux did not stabilize, the average flux over the straight 

line portion is reported. Percent removals are calculated 

on the basis of the average raw waste characteristics 

reported in Table 1. 
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Table 9. Su1T111ary of results from lOK membrane treatment studies on the biologically 
treated, Main Mill and Bleach Plant wastes. 

WASTE STABLE COLOR TOC TDS TKN 
TREATED FLUX (GFD) Pt-Co % REM mg/L % REM mq/L % REM mg/L 

RAW 60 42 97 147 37 1240 10 8.5 HAIN MILL 

RAW 35 60 97 22 85 1460 30 0.8 BIOTREATED 

RAW 30 420 83 170 53 1780 45 2.0 BLEACH PLANT 

% REM 

28 

91 

43 
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Table 10. Sunnary of results from lK membrane treatment studies on the biologically 
treated and the Main Mill wastes. 

. WASTE STABLE COLOR TOC TDS TKN 
TREATED FLUX (GFD) Pt-Co % REM mg/L % REM mg/L % REM mg/L 

RAW 
9 * 63 95 138 41 850 38 4.8 MAIN MILL 

RAW 
17 8 >99 9 94 910 56 0.2 BIOTREATED 

lOK 
17 7 )99 117 50 770 44 MAIN MILL ---

lOK 20 4 99 4 97 830 60 BIOTREATED ---

* flux not stable 

% REM 

59 

98 

---

---



CHAPTER V 

DISCUSSION 

The primary purpose of this research was to determine 

the effectiveness of ultrafiltration to remove color and 

TOC from pulp and paper waste streams for water recycle. 

Various methods of pretreatment and process modification 

were tested. Preliminary tests indicated that the 

biotreated waste contained larger molecular weight color 

and TOC bodies than the main mill or bleach plant wastes, 

and would therefore be the best candidate for 

ultrafiltration. During biotreatment, microorganisms 

consume the easily assimilated small organic compounds and 

convert them to biomass. The remaining large molecular 

weight compounds and dead cellular matter would be easily 

removed by ultrafiltration, leaving a higher quality 

permeate. 

Biotreatment occurs in an aerated stabilization pond 

with a long hydraulic detention time, and is therefore 

cooler than the main mill or bleach plant waste streams. 

Union Camp officials have stated that cool recycle water is 

required to maintain the proper heat balance within the 

plant. For these reasons, most of the work in this 

research was conducted. on the biotreated waste. 
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OPTIMIZATION OF OPERATING TRANSMEMBRANE PRESSURE 

The optimum pressure for maximum permeate recovery was 

never reached. Pressure studies indicated. an optimum 

pressure outside the range of the system used. Many of the 

pressure/flux plots indicated a trend towards stabilization 

at the higher pressures. When the curves were extrapolated 

to higher pressures, a maximum could be inferred from 

between 130 and 150 psig. This would be consistent with 

values reported in the literature for the use of plate and 

frame assemblies when treating pulp and paper wastes 

(18-21, 23). If higher transmembrane pressures had 

been available, 

higher. During 

the 

the 

stabilized flux for 

other studies with 

membrane flux rates 

membrane flux would have also been 

field studies, the average maximum 

the membranes was low according to 

comparable membranes (19-21). Higher 

would bring the results of this study 

more in line with reported flux rates on similar wastes. 

Permeate color and TOC generally improved during the 

pressure 

caused 

surf ace 

studies. This is a common occurrence and is 

by the 

( 27, 

formation of a "gel" layer on the membrane 

30). Researchers found that rejected solids 

quickly accumulated. near the membrane surface in high 

concentration, forming what is known as a "concentration 

boundary". This will happen even at the highest membrane 

fluid velocities. As the layer forms, water and permeable 

dissolved solids must migrate through this viscous film 

which is often negatively charged. It has been found that 
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the layer assists in the rejection of other solids by 

physical straining and charge repulsion. 

This layer had a dramatic effect on permeate color and 

TOC during almost all biotreated studies. Conversely, 

there was seldom any similar effect during the main mill or 

bleach plant waste studies. During biotreatment, the small 

molecular weight color and TOC causing organics are 

consumed and converted to larger molecular weight 

compounds. These larger compounds are more effectively 

removed by the gel layer than the smaller organics in the 

main mill and bleach plant wastes. 

OPTIMIZATION OF MEMBRANE FEED LOADING RATE 

At the chosen transmembrane pressure of 90 psig, the 

minimum loading rate was established at 1,100 GFD. This 

translated to a dynamic fluid velocity of 0.2 M/s (0.65 

fps), which is slightly low according to similar plate and 

frame industrial applications (27). Fluid velocities for 

plate and frame systems are typically from 0.35 to 1.5 M/s 

(1.1 to 4.9 fps), while velocities for tubular membrane 

systems can reach 4 M/s (13 fps). If a higher pressure had 

been available for the system, a higher fluid velocity 

would have been required. A slightly higher velocity would 

be consistent with typical industrial plate and frame 

applications. 
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PRETREATMENT BY pH ADJUSTMENT 

Pretreatment of biotreated waste by pH adjustment 

showed no effect upon ultrafiltration characteristics. 

Flux, color and TOC levels were identical to those of 

permeate from raw biotreated waste. This is consistent 

with pH adjustment techniques applied to the caustic 

extract effluent by other researchers (4). 

PRETREATMENT BY ALUM ADDITION 

Alum pretreatment did not improve ultrafiltration 

characteristics of the biotreated waste. To the contrary, 

membrane flux was significantly lower compared to raw 

biotreated waste. Half of the optimum dose of alum did not 

reduce the levels of permeate color or TOC, even though the 

raw color was reduced by 70% and the raw TOC by 40%. The 

alum hydrolysis species coagulated only the larger 

molecular weight organic compounds, leaving the smaller 

compounds in solution. Alum removed the same molecular 

weight compounds that are most easily removed by 

ultrafiltration. The lower membrane flux found with the 

alum pretreated waste may have been caused by. the 

concentration of the very small, fluffy alum floe on the 

membrane surface, causing premature fouling. 

lOK MEMBRANE CONCENTRATION STUDIES 

The lOK membrane easily concentrated raw biotreated 

waste to a 5X concentration (80% conversion), while showing 
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very good color and TOC rejection even in the later stages. 

Previous investigators (4, 18) have reported. good flux 

recovery and low permeate color and TOC levels during 20X 

(95% conversion) and SOX (98% conversion) concentration 

studies. The membrane used in this study achieved. 99% 

color removal and 94% TOC removal. These are higher 

percent removals than the single-pass field studies 

achieved, although the permeate concentrations were higher. 

The membrane flux at 5X concentration was still a 

respectable 40 GFD and further concentration would have 

been easily attained. During field studies, the average 

membrane flux after 3 hours of single-pass use was also 40 

GFD. 

The membrane also rejected and concentrated many 

dissolved ionic species. All of the ion rejections may be 

explained. by the action of the "concentration boundary" 

layer 

high 

discussed. previously. The membrane accumulated. a 

concentration of charged solids near the surface which 

created a type of osmotic barrier to the migration of other 

ions. This helped the membrane reduce the permeate level 

of ions. Only when the ion concentration of the 

concentrate flow became high enough did the barrier admit 

other ions, which are then passed by the membrane. This 

behavior can be recognized by the rising parallel image 

concentrate and permeate plots in Figures 15 through 19. 

Mass balances performed on the ionic species showed 

that little to none of the ions were permanently adsorbed 
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to the membrane or involved in the concentration boundary. 

The divalent cations had the highest percent removal, with 

the monovalent cations and anions far behind. Divalent 

ions were strongly rejected and concentrated by the 

membranes. Monovalent ions also showed some definite 

rejection trends but were not separated as eff eciently as 

divalent ions. 

lK MEMBRANE CONCENTRATION STUDY 

The lK membrane rejected and concentrated color and 

TOC very easily, while maintaining a very respectable flux 

recovery. Credit for the excellent membrane flux is due to 

the use of lOK permeate as feed. Most of the larger 

molecular weight foulants havei been removed, leaving a 

cleaner feed. A comparison of membrane flux rates shows 

that at 5 hours, the concentration study flux was over 22 

GFD, while the single-pass field study had a flux of 16 

GFD. It is clear that the lK concentration study could 

have gone much further than 5X without significant membrane 

flux loss or permeate quality deterioration. 

The lK membrane also removed dissolved ionic species 

to the lowest levels attained. This is consistent with 

dissolved solids and inorganic acid rejection by lK 

membranes as reported by other investigators (25). Percent 

removals for all ions increased over the lOK concentration 

study. From investigation of the concentrate and permeate 

plots, the concentration boundary layer is again the major 

97 



method of dissolved solids rejection. Mass balances again 

showed that significant amounts of ions are not deposited 

on the membrane surface. Calcium had the largest variation 

between influent mass and effluent mass. Calcium was 

determined to be the prime component of membrane f oulant by 

previous investigators (17, 18). 

During the lOK concentration 

cations had the highest percent 

concentration study, the divalent 

study, the divalent 

separation. For the lK 

anion sulfate had the 

highest percent separation. Both membranes used in this 

study were uncharged, indicating that the membrane 

composition alone was not responsible for ion separation. 

This indicates that the concentration boundary layer is 

non-selective with respect to charge t::ype, but can be 

selective with respect to the number of charges carried by 

the ion. This adds creedence to the concentration boundary 

layer method of ion rejection, since concentrated solids 

near the membrane surface would contain both positively and 

negatively charged groups. 

RESULTS OF SOLIDS TESTING 

Samples of permeate from single-pass and concentration 

studies show the step-wise rejection of dissolved solids by 

the lOK and lK membranes. Suspended solids rejection was 

essentially 100% by both the lOK and lK membrane. 
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MOLECULAR WEIGHT DISTRIBUTION ANALYSIS 

Molecular weight distribution analyses showed that the 

main mill and bleach plant wastes contained. a much higher 

percentage of total TOC in the smaller size fractions than 

biotreated. waste. The lOK and lK permeates also indicate 

that these smaller size fractions are readily passed by the 

membranes. This indicates that a higher quality permeate 

may be obtained by the ultrafiltration of biotreated waste. 

RESULTS OF MEMBRANE CLEANING STUDY 

All three cleaning agents used appeared to adequately 

clean fouled membranes, although their actions are 

different. A sodium hydroxide solution of pH >12 is 

typically a good cleaning agent for protein foulants (27, 

30). By observing the color of the recycled cleaning 

solution, it was possible to roughly determine the degree 

of foulant layer removal. Sodium hydroxide quickly flushed 

away the brown foulant layer from biotreated. and main mill 

wastes indicating the foulants may contain protein. Bleach 

plant f oulants did not discolor the sodium hydroxide 

solution as much as the other wastes, indicating that the 

foulant layer may not contain proteins. 

Hypochlorite is a membrane swelling agent and works by 

flushing out material which may be trapped in the pores 

(27, 30). Observation of the cleaning solution color 

indicated that hypochlorite removed foulant from membranes 

used with all waste streams equally. 
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Detergent works as a dispersant, emulsifying oils, 

fats and other non-polar compounds (27, 30). The detergent 

solution was not observed to change color significantly, 

however, flux was restored. to the same levels as the other 

cleaning agents. 

All of the agents appeared. to work better when the 

membrane was allowed to soak in the solution for a period 

of time. Caustic and hypochlorite needed a few hours of 

soaking, while detergent required 8 to 12 hours of soaking 

to restore the membranes to the highest degree of 

brightness as determined by visual comparison. 

None of the cleaning agents restored flux to new 

membrane levels. There appeared to be a flux rate for all 

wastes which was quickly reached (within a few hours) and 

did not vary much. Cleaning did not appear to alter this 

flux level. After a few hours, the flux curves for new 

membranes and used membranes were nearly identical. 

NEW AND USED MEMBRANE COMPARISON STUDIES 

It was determined during these studies that the degree 

of permanent flux loss due to long term usage was a 

non-germane parameter. The new membranes quickly lost flux 

and stabliized at the same levels reached by used 

membranes. Therefore, the flux lost to permanent fouling 

of the membrane was insignificant compared to the long term 

flux volume. The most significant flux parameter is 

stabilized. flux. The initial new membrane permeate also 
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contained higher color and TOC concentrations tban used 

membrane permeate. This is due to permanent fouling of 

some of the pores. Once the new membranes had lost the 

initial flux advantage, successive regenerations were able 

to restore consistent flux rates which did not decline 

further during the field studies. This is in agreement 

with authors which report a total membrane life of from 6 

months to a year (18, 20, 21). 

The lOK main mill stabilized flux was almost double 

the flux rate of bleach plant or biotreated wastes. Part 

of this advantage is due to the elevated temperature of the 

waste (40° C). Many authors report increased membrane flux 

rates with increasing temperature (18, 20, 27). The bleach 

plant waste was also about 40° C, but the bleach plant 

stabilized flux was lower than the biotreated waste at 25° 

C. Average permeate quality for the three wastes varied 

widely, although the biotreated waste showed the highest 

percent removals for color and TOC with both membranes. 

The dual media filter column used to remove large 

solids from the feed revealed some interesting 

observations. When filtering main mill waste, the filter 

experienced severe head loss, the surface of the sand 

became a grayish-green color and frequent backwashing was 

necessary. The main mill waste was obtained directly from 

the overflow of a 230 ft. diameter primary clarifier and 

still contained a significant amount of suspended solids. 

The bleach plant waste deposited a blanket of fine white 
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cellulose fibers on 

increased head loss 

the surface of the sand, which also 

significantly. The biotreated waste 

contained some larger suspended solids that were removed by 

depth filtration and did not cause excessive head loss. 

Filter runs were three or four times longer with the 

biotreated waste that the others. 

COST COMPARISON OF ULTRAFILTRATION AND COAGULATION 

Research by Bhinge (29) into the optimum coagulation 

dosages for these particular wastes revealed that both alum 

and ferric chloride reduced color levels to less than 100 

Pt-Co units at dosages of 500 mg/L. The ultrafiltration 

unit used in this study did not have the capability to 

measure the power required for pumping, and therefore could 

not yield cost data. A review of the literature (4, 21) 

indicates that a reasonable cost for the ultrafiltration of 

pulp and paper wastes would be $3.00 per ton of air dried 

product, not including capital and operating costs. 

Assuming that a fully bleached Kraft process pulp and 

paper plant uses 30,000 gallons of water per air dried ton 

of product, the alum dose for the waste from one ton of 

product would be 125 lbs. Using bulk rate costs for alum 

of $15.00 per 220 lbs (31), this translates into $8.50 per 

ton of air dried product. Ferric chloride is not a viable 

treatment alternative for recycle water due to the addition 

of iron to the water. TAPP! E603 specifications require 

0.1 mg/L total iron for process water (Table 2). 
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The capital costs for conventional coagulation 

rapid mix, flocculation and 

pumps, piping, sludge handling 

Capital costs for ultrafiltration 

the cost of the membrane 

processes would include 

sedimentation facilities, 

facilities and filters. 

equipment would include 

assemblies, 

facilities 

pumps, piping, cleaning solution storage 

and automatic cleaning switching equipment. The 

cost of membranes is usually considered an operating cost 

and not a 

between the 

flocculation 

treatment. 

capital cost (27). The largest discrepancy 

two capital costs is the cost of building the 

and sedimentation basins for conventional 

These are typically reinforced concrete 

structures, requiring 

costs. Ultrafiltration 

buildings for housing, 

considerable labor and material 

systems do not require specialized 

but can be placed in relatively 

inexpensive or pre-existing buildings. 

it 

the 

On the basis of the previously mentioned cost aspects, 

would be reasonable to assume that ultrafiltration is 

least expensive option of the two from both a capital 

and operating cost standpoint. The product water quality 

for ultrafiltration systems also exceeds that from 

conventional alum coagulation (29) with respect to color, 

TOC and dissolved solids. Alum coagulation would also add 

aluminum to the water, which may have harmful effects in 

recycle water. 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

The objective of this study was to propose the optimal 

ultrafiltration configuration for removing color and TOC 

from pulp and paper wastewaters to produce water suitable 

for recyole. Emphasis was placed on the determination of 

optimum pressure and membrane loading rate to produce the 

maximum permeate recovery with two different molecular 

weight cut-off membranes. Characterization of permeate 

solids content, TKN and organics molecular weight 

distribution was also used to determine the highest quality 

permeate that could be obtained. 

Based on the results obtained in this research, the 

following conclusions were formulated: 

1. Equipment limitations prevented the direct 

determination of the optimum pressure required for maximum 

permeate recovery for all wastes studied; however, a 

graphical analysis indicated that pressures in the range of 

130 psi to 150 psi would optimize permeate recovery. 

Membrane loading rates of 1,100 GFD used at 90 psi provided 

minimum fouling. Pressure studies indicated that higher 

pressures would require higher feed loading rates to 

prevent excessive membrane fouling. 
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2. Results of studies with both membranes indicated 

that the greatest separation efficiency for color, TOC and 

TKN occurred with biotreated waste. The lK membrane showed 

the highest flux recovery and the highest percent removal 

of dissolved solids. The highest flux recovery for the lOK 

membrane was observed with the main mill waste; however, 

TOC removal was only 37% and TDS and TKN removals were the 

lowest of any waste treated at 10% and 28%, respectively. 

3. Separation efficiencies for the biotreated waste 

could have been predicted by molecular weight distribution 

studies which indicated that 95% of the organics in the raw 

biotreated waste were larger than lK daltons. Main mill 

and bleach plant wastes respectively contained only 47% and 

77% of the organics larger than lK daltons. 

Analysis 

distribution 

also 

of 

showed that the molecular weight 

color-causing and non-color-causing 

organics is different since percent removals of color were 

different from percent removals of TOC. This is 

particularly evident with the main mill and bleach plant 

wastes. The smaller molecular weight organics apparently 

do not contribute significantly to color levels. 

4. Pretreatment of wastes by pH adjustment and 

sub-optimum coagulant doses did not improve separation 

characteristics of color and TOC. Alum treatment prior to 

ultra.filtration actually worsened system performance due to 

premature flux deterioration across the membrane. 
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5. Concentration studies indicated that the system is 

capable of tolerating much higher feed color and solids 

levels than actually encountered during this research. 

6. Dissolved ionic species were separated by 

ultrafiltration with varying efficiencies. Divalent ionic 

species had the highest removals regardless of charge. 

Mass balances showed that the ionic species were either 

rejected to the concentrate or passed to the permeate and 

not significantly adsorbed to the membrane. 

Dissolved solids levels were not reduced to the levels 

required by TAPP! E603 specification indicating that 

further treatment for TDS is necessary. The best TDS 

separation efficiency allowed almost four times the maximum 

250 mg/L TDS to reach the permeate. The most significant 

dissolved. ionic species contributing to permeate TDS was 

chloride. The best removal efficiency for chloride allowed 

600 mg/L to reach the permeate, eight times the maximum 

concentration permitted by the E603 specification. 

7. Membrane cleaning and regeneration studies revealed 

that sodium hydroxide, hypochlorite and detergent produced 

similar results with respect to flux recovery after 

fouling. All cleaning agents are readily available 

commercially. After several cleaning cycles the flux 

recoveries were uniform and predictable. 

In view of the conclusive results obtained by this 

research, a particular treatment approach for obtaining the 
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highest quality recycle water from the wastewaters 

generated at the Union Camp Corporation, Franklin, 

Virginia, may be presented. 

Ultrafiltration studies indicated that biotreated 

waste yields the highest quality permeate with respect to 

color, TOC and TKN, while providing an ambient recycle 

water temperature. The permeate did not meet TAPP! E603 

specifications; therefore a secondary treatment process 

such as reverse osmosis (RO) would be required specifically 

for TDS removal. Biotreated permeate would provide the 

lowest foulant load to the reverse osmosis unit and, 

therefore, yield the best .RO performance. 

Cost analysis for ultrafiltration of pulp and paper 

wastes available in the literature indicate that an average 

of $3 per ton of product (excluding capital cost) is a 

reasonable estimate. This includes the cost of membranes, 

electricity, maintenance and cleaning chemicals. The 

operational parameters used to generate these data are 

comparable to the parameters used in this research; 

therefore, the cost data are likely to be comparable. 

A more detailed cost analysis of the coagulation 

versus the ultrafiltration/RO process selection must be 

performed to determine the precise cost/benefit 

relationship. Plate and frame modules and other membrane 

configurations such as tubular membranes should be 

investigated on a pilot scale to adequately determine the 

optimum system required. 
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