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A necessity exists to find an effective treatment method capable of removing both the strong colour and 

the toxic organic compounds from textile wastewater. A pilot-scale dual-stage membrane bioreactor 

(dsMBR) incorporating two ultrafiltration (UF) sidestream membrane modules was designed, con- 

structed, operated and evaluated on-site for treating high strength textile wastewater. The wastewater 

stream was characterised by a colour  range  of  195–2070 ADMI  units  and  a chemical oxygen  demand 

(COD) of between 728 and 1033 mg/L. A consistent reduction in the colour of the incoming wastewater 

was evident in the treatment stages. The residual colour and remaining salt in the UF permeate was trea- 

ted with reverse osmosis (RO). The colour in the wastewater was reduced from an average of 660 ADMI 

units to 12 ADMI units in the RO permeate, a lower ADMI compared to the potable water ( 17 ADMI 

units) used on-site by this textile company. 

   

 
 

 

 

1. Introduction 

 
The textile industry not only utilises large quantities of water, 

but produces highly coloured wastewaters polluted with dyes, tex- 

tile auxiliaries and other chemicals that are generally toxic and 

resistant to biological treatment methods [1–6]. Textile wastewa- 

ter is characterised by significant fluctuations in the COD and bio- 

logical oxygen demand (BOD) concentrations, pH, colour and 

salinity [7] due to the composition of the dye effluent varying with 

the textile produced [8]. The release of textile wastewater into the 

environment is undesirable since the dyes and their breakdown 

products: (1) affect the aesthetics of aquatic environments due to 

highly visible colour; (2) have an acute and/or chronic affect on 

the organisms exposed to them depending on the length of expo- 

sure; (3) interfere with the growth of bacteria that degrade water 

impurities as  the  dyes  adsorb and  reflect  the  sunlight entering 

the water, affecting the transparency and gas solubility in water 

bodies; and (4) are toxic and mutagenic or carcinogenic to life 

[7,9,10]. 

Azo dyes are the largest chemical class of synthetic dyes [11,12] 

accounting for 60–70% of the dyes used in the textile dyeing indus- 

try. These dyes are electron deficient, xenobiotic compounds that 
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are recalcitrant to aerobic degradation and are therefore a major 

problem in the treatment of textile wastewater [9,12,13]. The azo 

dyes commonly utilised in the textile industry include reactive, 

acid and direct dyes. The reactive azo dyes contain one to four 

azo bonds that are reduced under anaerobic biological conditions 

[11,14–16], resulting in the decolourisation of  the  azo  dye 

[11,17]. The products of this anaerobic degradation are colourless 

aromatic amines that can be readily degraded (i.e., mineralised) 

via aerobic digestion [7,11,15,18]. 

Textile wastewater can be treated in two ways: either by (1) 

chemical or physical methods for dye removal (coagulation, floccu- 

lation, sedimentation, activated carbon adsorption, ion exchange, 

reverse osmosis filtration for example), or by (2) biodegradation 

(activated sludge, sequencing batch reactor for example) 

[3,4,10,14,19–21]. The  treatment of textile wastewater includes 

the reduction of COD, BOD, total organic carbon (TOC), adsorbable 

organic halide (AOX), temperature and pH, as well as the reduction 

of dye concentrations [10]. Therefore, it is necessary to find an 

effective treatment method capable of removing both strong col- 

our and the toxic organic compounds  from  textile  wastewater 

[6]. Strong colour is the hardest component to treat because the 

modern textile dyes have a high degree of chemical and photolytic 

stability, colour fastness, and resistance to degradation [8,9,21]. 

However, the non-biodegradable compounds (i.e., xenobiotic com- 

pounds) cannot be removed solely by biological treatment [6]. 
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Membrane techniques show great promise in the treatment of 

textile wastewater, as they either remove the dyestuff allowing 

for re-use of the auxiliary chemicals used for dyeing or concen- 

trate the dyestuffs and auxiliaries producing purified water [4]. 

Ultrafiltration (UF) effectively removes particles and macro mole- 

cules from textile wastewater [22]. However, the removal of pol- 

luting substances such as colour is normally between 31% and 

76% [23]. Nanofiltration (NF) separates low molecular weight 

(<1000) organic compounds, divalent salts or large monovalent 

ions such as hydrolysed reactive dyes and dyeing auxiliaries from 

textile wastewater, while reverse osmosis (RO) removes all min- 

eral salts, hydrolysed reactive dyes, chemical auxiliaries, ions and 

larger species from the wastewater  [4,22,23].  However,  the 

higher the salt concentration of the wastewater, the more impor- 

tant osmotic pressure becomes when using RO membranes and 

the greater the energy  requirements  [23].  Successful  treatment 

of textile wastewater would allow water re-use, reduced pollu- 

tion of surface waters and reduced bioaccumulation of dyes and 

other dyeing chemicals within the environment [10]. Membrane 

bioreactors (MBRs), which combine a biological process with 

membrane separation [2,3] are becoming  the  technology  of 

choice since they provide effluent with high quality, low chemical 

pollutants, a small footprint, and significant reduction in bacteria 

and viruses [2,13,24]. 

Although the ability of MBRs and other membrane technolo- 

gies for the treatment of textile wastewater is well known, most 

studies published have been based on synthetic wastewater pre- 

pared in laboratories and have been conducted using lab-scale 

plants over limited periods (refer to Table 1 for a summary of 

various case studies), the use of MBRs for the treatment of textile 

wastewater has not been applied at industrial scale in South 

Africa. Therefore, this study investigated the removal of colour 

and  recovery of clean  water  from industrial textile wastewater 

containing azo dyes using an on-site pilot-scale dual-stage side- 

stream MBR (UF-dsMBR) for the treatment of continuously 

changing real industrial textile wastewater instead of laboratory 

prepared synthetic non-changing wastewater. A textile manufac- 

turer located in the Western Cape was chosen as the industrial 

partner for the on-site evaluation of the 5–10 m3/d semi-auto- 

mated wastewater treatment pilot-plant. The novelty of this 

study is therefore derived from both the  size  (i.e.,  pilot-plant) 

and the treatment of real industrial wastewater for an extended 

period. In addition this system consisted of a dual-stage where 

the textile wastewater was first treated in an anaerobic environ- 

ment, followed by an anoxic/aerobic MBR environment which has 

not previously been reported on extensively. 

The objectives of this study were to: (1) determine the removal 

efficiencies (i.e., treatment efficiency) for all the parameters mea- 

sured during this study but with a focus on colour removal; (2) 

evaluate the cleavage of the azo bonds during the anaerobic stage; 

(3) establish the presence of dye mineralisation within the aerobic 

environment; and (4) determine whether the RO treated water is 

re-usable by the industrial partner. The above  objectives  were 

met by taking the hydraulic retention time (HRT) of both the UF- 

dsMBR and RO pilot plants into account while operating the RO 

system with the RO membrane. 

 

 

 
2. Experimental 

 
The system design was based on a modified version of the tra- 

ditional UCT-configured biological nutrient removal (BNR) conven- 

tional activated sludge (CAS) system [25,26] and consisted of two 

phases: (1) a sidestream dual-stage UF-MBR, followed by (2) UF 

permeate treated with RO for residual colour and salt removal, 

Nomenclature 

ADMI 

AOX 

BNR 

C:N:P 

CAS 

CCT 

CFV 

CIP 

COD 

Da 

DE 

DOC 

dsMBR 

g/L 

h 

HRT 

kg 

L 

L/d 

M 

m 

m2 

m3 

mg/L 

mg Pt/L 

MLSS 

mm 

American Dye Manufacture Index (ADMI units) 

adsorbable organic halide 

biological nutrient removal 

carbon:nitrate:phosphate 

conventional activated sludge 

City of Cape Town 

cross flow velocity 

cleaning-in-place 

chemical oxygen demand (mg/L) 

Daltons 

Adams Nickerson colour difference 

dissolved organic carbon (mg/L) 

dual-stage membrane bioreactor 

grams per litre 

hour 

hydraulic retention time 

kilogram 

litres 

litres per day 

molar 

metres 

metres squared 

cubic metres 

milligrams per litre 

milligrams platinum per litre 

mixed liquor suspended solids (mg/L) 

millimetre 

MWCO    molecular weight cut off 

NaOCl sodium  hypochlorite 

NF nanofiltration 

NH4 ammonium (mg/L) 

ni not indicated 

nm nanometre 

No. number 

NO3 nitrate (mg/L) 

NRF National Research Foundation 

NTU nephelometric turbidity units 

OLR organic loading rate 

PO4 phosphate (mg/L) 

ppm parts per million 

RO reverse osmosis 

SAB submerged aerated biofilter 

SANS South African National Standard 

TDS total dissolved solids (ppm) 

TMP transmembrane pressure 

TOC total organic carbon 

TSS total suspended solids (mg/L) 

UASB upflow anaerobic sludge bed 

UF ultrafiltration 

UV–VIS     ultraviolet visible spectroscopy 

VSS volatile suspended solids (mg/L) 

WRC water research commission 
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ni – not indicated. 

 

Table 1 

Literature summary of lab and pilot-scale MBR case studies used in the treatment of both synthetic and industrial textile wastewater. 
 

MBR configuration Synthetic or 

industrial textile 

wastewater 

Lab 

scale 

or 

pilot- 

scale 

Average 

COD 

removal 

Average colour 

removal 

Plant size Country References 

Tangential flow sidestream MBR preceded by Industrial mixed Lab 96% 72% (97.5% after 300–500 L  (bioreactor) Austria [3] 

an equalisation tank (2-stage process) textile wastewater and 
 

post treatment 
   

  
pilot- 

 
with NF) 

   
  

scale 
     

Sidestream MBR consisting of an activated 

sludge reactor connected to an external 

Industrial textile 

wastewater from a 

Lab 

scale 

60–95% >87% 20 L (aerobic reactor) 

0.28 m
2  

(tubular 

Austria [2] 

tubular crossflow UF unit (2-stage polyester finishing 
   

membrane filter area) 
  

process) mill 
      

Submerged microfiltration MBR (1-stage Synthetic textile Lab ni 68.3% 12.5 L (bioreactor) Japan [13] 

process) wastewater scale 
     

Microfilter (MF) followed by: (1) NF and (2) Synthetic textile Lab ni 97% 2.5 L (bioreactor) Republic [36] 

RO (2-stage process) wastewater (3 scale 
   

of Korea 
 

 
reactive dyes were 

      
 

investigated) 
      

Sidestream MBR consisting of an activated 

sludge reactor connected to an external 

Industrial mixed 

textile wastewater 

Lab 

scale 

91.8% 

(maximum 

80% after post 

treatment with NF 

20 L (aerobic reactor) 

0.28 m
2  

(tubular 

Austria [39] 

tubular crossflow UF unit, followed by NF from a polyester 
 

removal) 
 

membrane filter area) 
  

(3-stage process) finishing plant 
      

Submerged hollow fibre membrane module Industrial mixed Pilot- 97.4% >97% 230 L (bioreactor) Turkey [40] 

in a bioreactor (1-stage process) textile wastewater scale 
     

 
from a denim 

      
 

producing industry 
      

Anaerobic bioreactor followed by an aerobic Synthetic textile Lab 92.3% 74.6% (anaerobic 36 L (anaerobic Taiwan [14] 

membrane bioreactor (2-stage process) wastewater scale (anaerobic SBR) 9.1% (aerobic bioreactor) 18 L (aerobic 
  

 
containing a 

 
SBR) 5.2% MBR) MBR bioreactor) 

  
 

reactive dye 
 

(aerobic 
    

 
(reactive black 5) 

 
MBR) 

    
Aerobic submerged MBR (1-stage process) Synthetic textile Lab ni 81% without post 25 L (anaerobic Taiwan [41] 

anaerobic bioreactor followed by an 

aerobic submerged MBR (2-stage process) 

wastewater 

containing reactive 

scale 
 

treatment with RO 

97% after post 

bioreactor) 25 L (aerobic 

bioreactor) 0.2 m
2

 
  

anaerobic bioreactor, aerobic submerged black 5 
  

treatment with RO (hollow fibre membrane 
  

MBR followed by RO (3-stage process) 
    

surface area) 
  

Submerged aerobic MBR (1-stage process) Industrial textile 

wastewater 

Pilot- 

scale 

79% 54% 25 L (aerobic MBR 

bioreactor) 0.2 m
2

 

Taiwan [42] 

     
(hollow fibre membrane 

  
     

surface area) 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Schematic diagram of the pilot-scale sidestream UF-dsMBR system used in the treatment of high strength textile wastewater (Phase 1). 

 
imperative for the successful reclamation of the wastewater for re- 

use of the water, particularly in dyeing processes. 

 
2.1. Phase 1: Dual-stage UF-MBR pilot-plant set-up and operation 

 
The  pilot-scale  dsMBR  system  (Fig.  1),  was  designed,  con- 

structed, commissioned  and  operated  on-site  for  250 days.  The 

colour removal part of the  study  was  conducted  over  the  last 

17 days of operation. The system was robust and non-sterile with 

the textile wastewater treated in a series of tanks: (1) a 10 m3 

equalisation tank, which acted as a buffer tank and reduced varia- 

tion of the textile wastewater composition entering the biological 

treatment tanks. Therefore, the colour of the wastewater in the 

sump was not the same as the colour of the wastewater stored 
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Table 2 

Selected  ordinates  for  spectrophotometric  colour determin ations  [29].   
 

Wavelength No. X Y Z 

1 435.5 498.5 422.2 

2 461.2 515.2 432.0 

3 544.3 529.8 438.6 

4 564.1 541.4 444.4 

5 577.4 551.8 450.1 

6 588.7 561.9 455.9 

7 599.6 572.5 462.0 

8 610.9 584.8 468.7 

9 624.2 600.8 477.7 

10 645.9 627.3 495.2 

 

 

 

in the equalisation tank (the feed from the equalisation tank to the 

anaerobic tank occurred via gravity); (2) a 1 m3 anaerobic tank, for 

the cleavage of the azo bonds of the reactive dyes; (3) a 2.5 m3 

anoxic tank with decreased levels of dissolved oxygen, in which 

denitrification occurred; and (4) a 2.5 m3 aerobic tank, in which 

nitrification occurred, as well as mineralisation of the aromatic 

amines; followed by two 3 m high 5.1 m2 Norit X-flow Airlift™ UF-

membrane modules. 

The dual-stage system was designed to incorporate anaerobic 

cleavage of the azo bonds upstream of conventional anoxic denitri- 

fication and  aerobic nitrification and mineralisation of the aro- 

matic amines with COD reduction. The UF-membrane modules 

removed any organic material remaining in the wastewater after 

biological treatment. Recycle of the mixed liquor, via a  Lowara 

CEA 210/2 centrifugal pump, containing the acclimated microbial 

consortia to the aerobic and anoxic tanks was facilitated by the 

UF-modules. Each module consisted of 109 tubular UF-membranes 

with a diameter of 5 mm and surface area of 0.046 m2 each. Trea- 

ted and filtered UF permeate was fed to the polishing final treat- 

ment step (Phase 2), a pilot-scale RO system for the removal of 

residual colour, salts and total suspended solids (TSS). 

 

2.1.1. Inoculation and operation 

The anaerobic, anoxic and aerobic tanks were inoculated (refer 

to De Jager et al. [27]) with filtered 9 g/L activated sludge, with TSS 

of 1330 mg/L, volatile suspended solids (VSS) of 958.13 mg/L and a 

COD of 5815 mg/L obtained from the Bellville Wastewater Treat- 

ment Plant (Cape Town, South Africa). 

The UF-dsMBR system was designed to operate with a feed flow 

rate, ranging from 56 to 403 L/h, into the anaerobic tank and corre- 

sponding hydraulic retention times (HRT) for each of the biological 

stages in the systems. The average feed and permeate pressures to 

the UF-membrane modules were maintained at 49 and 11 kPa, 

respectively, with an average pressure  difference  of  about  34– 

38 kPa across the membranes. In order to ensure permeation 

occurred from the lumen to the shell-side, across the membranes, 

the transmembrane pressure (TMP) was maintained at a pressure 

greater than atmospheric pressure (i.e., 101.3 kPa). 

For the duration of this section of the study the feed flow rate 

into the anaerobic tank was set at 100 L/h. The corresponding aver- 

age HRT for each biological stage was 7.1 h  1   (anaerobic tank), 

5.6 h 1 (anoxic tank) and 13.4 h 1 (aerobic tank). The HRT of each 

biological stage remained constant, therefore, the only parameter 

HRT4, and HRT5. For the sample set labelled HRT1 no RO permeate 

sample was taken as at that stage the RO pilot-scale system was 

not in operation yet. 

 

2.2. Phase 2: Subsequent reverse osmosis (RO) treatment 

 
The UF permeate was continuously fed into a holding tank and 

was combined with the brine from the RO system. During this sec- 

tion of the study only the spiral wound (XUS-SW30XHR-2540) RO 

membrane was in use. The UF permeate combined with RO brine 

was fed to the RO system at an average flow rate of 0.8 m3/h, with 

an average feed pressure of 12.6 bar, 0.8 bar differential pressure, a 

cross flow velocity (CFV) of 4.62 m/s and an average flux of 5 L/ 

m2  h. 

 

2.3. Analytical methods 

 
The representative samples, taking the HRT into account, of 

each biological treatment stage, as well as permeate from the UF 

and RO systems were analysed to quantify the colour of the com- 

bination of dyes in the samples using two spectrophotometric 

methods: (1) the colour Hazen method (platinum–cobalt standard 

method analogous to APHA 2120B, DIN53509) [28], measuring the 

true colour of samples and (2) the American dye manufacturing 

index (ADMI) method [29], measuring the colour in ADMI units. 

For the colour Hazen method, the samples were first filtered 

through a 0.22 lm syringe filter before using a NOVA 60 Spectro- 

quant to read the true colour of the samples at 350 nm [28]. All 

true colour readings were measured using a 10 mm glass quartz 

cuvette. 

Describing textile wastewater in terms of absorbance and ADMI 

instead of dye concentration is useful when describing a pollutant 

since different dyes result in different intensities and colours. 

ADMI and absorbance changes with the type of dye used. However, 

there is no direct relationship between absorbance, ADMI and the 

dye concentrations [21]. There are a number of sub-divisions for 

the ADMI tristimulus filter method used for the analysis of true 

colour in coloured aqueous wastewaters, namely: (1) the weighted 

ordinate method [30]; (2) the 10 or 30 ordinate method [21,29]; 

(3) the 4/6 wavelength method [31]; and (4) the 3/31 wavelength 

method [32]. For this study, the 10 ordinate method [29] was used 

for determination of ADMI true colour values. The samples were 

filtered to remove excess quantities of suspended solids using a 

glass gooch filtering crucible fitted to a flask connected to a vac- 

uum pump. Glass fibre filter paper was used as the filtration med- 

ium since polymer membranes absorbed the dye. Once filtered, the 

samples were analysed using a Cary 300 Bio UV–VIS spectropho- 

tometer. The photometric scan determined the absorbance of each 

sample at 10 different predetermined wavelengths (indicated in 

Table 2) for the columns X, Y and Z. From the absorbance values 

obtained  the  %  transmittance,  tristimulus  values  for  X,  Y,  and  Z, 

Munsell values, Adams Nickerson colour difference (DE) and ADMI 

were calculated [29]. 

The samples were also analysed daily for pH, total dissolved sol- 

ids (TDS) and conductivity using a calibrated PCSTestr 35 multipa- 

rameter, and every second day for the following: 

 
● Ammonium (NH4) (Merck Spectroquant NH4  test kit, Cat. No. 

changing during this study was the feed composition of the textile 

wastewater fed into the anaerobic tank, which was dependent on 

what the industrial partner was producing. Five sample sets (each 

set consisting of an anaerobic feed, anaerobic tank, anoxic tank, 

aerobic tank, UF permeate, and RO permeate sample), were col- 

lected at the set feed flow rate, over a three week period. The sam- 

ples were taken at times corresponding to the HRT of each stage. 

The sample sets were subsequently labelled HRT1, HRT2, HRT3, 

1.00683.0001). 

● COD (Merck COD Solution A, Cat. No. 1.14538.0065 and 

1.14679.0495; Merck COD Solution B, Cat. No. 1.14539.00495 

and 1.14680.0495). 

● Nitrate (NO3) (Merck Spectroquant Nitrate cell test;  Cat. No. 

1.14773.0001). 

● Phosphate (PO4) (Merck Spectroquant Phosphate cell test for 

orthophosphate and total phosphorus, Cat. No. 1.14543.0001). 
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● TSS (ESS Method 350.2). 

● Turbidity (TN-100 turbidimeter, ISO 7027 compliant nephelo- 

metric method). 

 
Mineralisation was determined using dissolved organic carbon 

(DOC) and NH4. In order to verify mineralisation, a decrease in 

DOC below the DOC value of the wastewater being treated must 

be shown [17]. 

 
● TOC and DOC (both determined using Merck Spectroquant TOC 

cell tests, Cat. No. 1.14878.0001). TOC is a more direct expres- 

sion of the total organic content of wastewater than  either 

BOD or COD. DOC is the fraction of TOC that passes through a 

0.45 lm filter [29]. 

 
3. Results and discussions 

 
The treated UF-MBR permeate was compared to the City of Cape Town s (CCT) wastewater and industrial effluent discharge stan- 

dards [33] for the purpose of discharge and to the SANS 241- 

1:2011 [34] drinking water standards for the purposes of recycle 

and re-use. 

 
3.1. Wastewater composition analysis 

 
The biggest problem facing the industry was the amount of col- 

our, measured as true colour and ADMI colour, present in the efflu- 

ent and influencing the re-usability of textile wastewater. 

The wastewater analysed over the sampling period for this 

study reached a maximum colour of 288 mg Pt/L with an average 

of 129 mg Pt/L. No value is provided for colour in the CCT wastewa- 

ter and industrial effluent discharge standards [33], but the SANS 

241-1:2011 [34] drinking water specification is 615 mg Pt/L. The 

composition of the wastewater stream for this part of the study 

(Table  3)  was  also  characterised  by  a  COD  range  of   728– 

1033 mg/L and an average BOD of 192.5 mg/L. The maximum con- 

ductivity and TDS measured, 2295 lS/cm and 1632 ppm, respec- 

tively, did not meet the CCT wastewater and industrial effluent 

discharge standards [33]. 

The composition of the wastewater (Table 3) discharged into 

the sump was continually changing depending on the process 

being utilised in the dyehouse of the textile company. The dis- 

charged wastewater varied from light  to medium  to dark  col- 

our due to the erratic trends in dye consumption mainly dependent 

on trends in the supply and demand of the textile fabric. The 

wastewater colour discharged from the equalisation tank to the 

anaerobic tank  was classified  based  on  ADMI values (Table 4). 

For this study, wastewater with an ADMI value below 500 ADMI 

units was classified as light in colour; 500–1500 ADMI units was 

classified as medium in colour; and above 1500 ADMI units was 

classified as dark in colour. The ADMI colour and true colour of 5 

sample sets (HRT1, HRT2, HRT3, HRT4, and HRT5 each containing 

an anaerobic feed, anaerobic tank, anoxic tank, aerobic tank, UF 

permeate and RO permeate) was determined. 

 
3.2. Overall treatment efficiency 

 
The dual-stage UF-MBR system reduced the COD and turbidity 

of the wastewater by an average of 75% and 94%, respectively, to 

concentrations of 191 mg/L for COD and 2.7 NTU for  turbidity 

[27]. However, all parameters measured in the wastewater were 

within the wastewater discharge standards [33], but could not be 

re-used by the textile company. After phase 1 the UF-MBR perme- 

ate still contained residual dye (i.e., colour), since the dual-stage 

UF-MBR system only removed 28.6% of the colour present in the 

wastewater [27], as well as residual salt. Removal of the residual 

colour and salt was imperative for successful reclamation of the 

treated wastewater for re-use, especially in dyeing processes. 

 
3.3. Colour removal 

 
It should be noted that the percent reduction (efficiency of col- 

our removal) was divided into two: (1) the individual reduction, 

based on the percent decrease in ADMI from stage to stage and 

(2) the overall reduction, based on the total percent decrease from 

the initial ADMI of the wastewater discharged from the equalisa- 

tion tank (i.e., anaerobic feed) up to the respective stages. The indi- 

vidual reduction indicates the amount of residual colour removed 

during each stage, while the overall reduction indicates the overall 

removal with regard to the initial colour of the wastewater enter- 

ing the  system. Therefore, the difference in colour removal 

between stages indicates how much colour was removed during 

a respective stage. 

 
3.3.1. Dark colour 

The initial wastewater (i.e., anaerobic feed from the equalisa- 

tion tank) for HRT2, HRT3 and HRT4 sample sets were all classified 

as a dark colour. The average ADMI value was 1956 ADMI units 

(Tables 4 and 5A) and therefore above 1500 ADMI units. The high- 

est individual residual colour removal, 96.9%, occurred during the 

RO stage followed by 48.2% residual colour removal during the 

anaerobic biological stage (Table 5A). The least amount of residual 

colour, 12.9%, was removed during the UF stage. The highest over- 

all colour removal for the biological treatment occurred during the 

 
Table 3 

Wastewater composition over the period when the HRT sample sets were taken (last 13 days of operation). 
 

Parameters Units Minimum Maximum Average CCT wastewater discharge standards [33] 

ADMI ADMI units 222 2070 870 ni 

True colour mg Pt/L 79.0 288 153 ni 

Ammonium mg/L 7.8 25.1 13.5 ni 

COD mg/L 728 1033 840 65000 

Conductivity lS/cm 995 1659 1340 65000 

DOC mg/L 78.4 108 90.3 ni 

Nitrate mg/L 1.2 2.3 1.8 ni 

pH – 7.8 10.4 9.4 5.5–12 

Phosphate mg/L 0.83 1.3 1.0 25.0 

TDS ppm 963 1,016 983 4000 

Temperature  C 24.6 25.9 25.3 0–40 

TOC mg/L 90.6 108 101 ni 

TSS mg/L 16.0 46.0 33.3 1000 

Turbidity NTU 16.4 26.3 20.8 ni 

ni – not indicated. 
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Table 4 

Colour  classification  based  on  the  ADMI  values  of  the  wastewater  fed  from  the 

equalisation tank to the anaerobic tank. 

3.3.3. Light colour 

The initial wastewater (i.e., anaerobic feed) for the HRT5 sample 

set  was  classified  as  a  light  colour  since  the  ADMI  value  was 

Samples      ADMI of equalisation discharge 

(ADMI units) 

Colour classification of the 

wastewater 

290 ADMI  units  (see  Tables  4  and  5C)  and  therefore  below 

500 ADMI units. An increase in ADMI value was observed between 

HRT1 1027 Medium  colour the anaerobic feed and the anaerobic tank; therefore the percent- 
HRT2 

HRT3 

HRT4 

1649 
9

 

1829 

= 

Average : 1956 

2388 
;

 

Dark colour 

Dark colour 

Dark colour 

age removal was negative (Table 5C). Due to the effect of residence 

time distribution in non-plug flow reactors this increase in colour 

HRT5 290 Light colour 
 

 

 

 

 

 

 

Table 5 

ADMI  reduction  for  the  respective  treatment  stages  of:  (A)  dark  colour  (average  of 

HRT2, HRT3 and HRT4); (B) medium colour (HRT1); and (C) light colour (HRT5). 
 

 

Treatment    stages ADMI %   Reduction   efficiency 
 

 

Individual Overall 

was attributed to the presence of a dark colour (i.e., HRT4) in the 

anaerobic tank prior to the light colour being discharged. There- 

fore, with the exception of the RO stage, all the treatment stages 

showed a negative overall colour reduction. The highest individual 

residual colour removal of 93.4% was observed during the RO stage 

with a collective overall colour removal of 90.4%. However, the bio- 

logical stage with the highest residual colour reduction was the 

anoxic stage, during which a colour reduction of 30.2% was 

observed. The amount of colour present in the aerobic stage 

showed an increase (i.e., 25.6%) due to the recycle of mixed liquor, 

 

A 
2500 

Dark colour 

250 

 
2000 

 
200 

 
1500 

 
150 

 
1000 

 
100 

 
500 

 
0 

Anaerobic 

feed 
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Treatment stages 
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RO 
Permeate 

 
Average ADMI for HRT2, HRT3 and HRT4 

Average colour Hazen for HRT2, HRT3 and HRT4 

 

RO permeate 28 93.4 90.4 

anaerobic stage with 48.2% overall reduction in colour, while only 

21% overall colour removal occurred during the anoxic stage 

(Table 5A). The amount of colour present in the aerobic stage 

showed an increase (i.e., 2.8%) due to the recycle of mixed liquor, 

containing residual colour, from the UF-membrane modules. The 

RO stage showed an overall removal of 29.7%, while collectively 

an overall removal of 99.1% was observed. The measured ADMI 

and true colour values were plotted graphically for the various 

treatment stages (Fig. 2A). Even though two different methods 

were utilised to determine the colour during the different treat- 
ment stages, the same trend for colour reduction was observed. 
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3.3.2. Medium colour 

The initial wastewater (i.e., anaerobic feed) for the HRT1 sample 

set was classified as a medium colour since the ADMI value was 

1027 ADMI units (Tables 4 and 5B). The highest individual and 

overall colour removal of 63.7% occurred during the anaerobic bio- 

logical stage (Table 5B). During the anaerobic stage, cleavage of the 

azo bonds occurred that resulted in aromatic amines. Individually 

the least amount of residual colour was removed during the aero- 

bic stage (15.6%). The colour removal noticed during the aerobic 

stage was a combination of the removal of dyes that did not con- 

tain azo bonds and the mineralisation of the aromatic amines 

formed during the anaerobic stage. Collectively an overall colour 
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removal of 54.9% was observed. The measured ADMI and true col- 

our values were plotted graphically with respect to the various 

treatment stages (Fig. 2B). Again, the same trend for ADMI and col- 

our Hazen reduction was observed. 

HRT5 ADMI HRT5 Colour Hazen 
 

Fig. 2. ADMI and colour Hazen values during the different treatment stages for: (A) 

dark colour (average of HRT2, HRT3 and HRT4); (B) medium colour (HRT1); and (C) 

light colour (HRT5). 
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Anaerobic feed 

 

1956 

 – 

 – 

 
Anaerobic tank 1014 48.2 48.2 

 
Anoxic tank 602 40.6 69.2 

 
Aerobic tank 657 – 66.4 

 
UF permeate 572 12.9 70.8 

 
RO permeate 18 96.9 99.1 

B 
 

Anaerobic feed 

 

1027 

 – 

 – 

 
Anaerobic tank 372 63.7 63.7 

 
Anoxic tank 484 – 52.9 

 
Aerobic tank 409 15.6 60.2 

 
UF permeate 463 – 54.9 

C 
 

Anaerobic feed 

 

290 

 – 

 – 

 
Anaerobic tank 581 – – 

 
Anoxic tank 406 30.2 – 

 
Aerobic tank 387 4.6 – 

 
UF permeate 423 – – 

 



D. De Jager et al. / Separation and Purification Technology 135 (2014) 135–144 141 

 

 

Table 6 

Results for the t-test. 
 

 

t-Test between ADMI values of the t-Value p-Value 
 

Dark and medium coloured UF permeate 2.50 0.05 

Dark and light coloured UF permeate 3.47 0.02 

Medium and light coloured UF permeate 4.58 0.04 

Dark and light coloured RO permeate  3.08 0.02 

 

 
 

from the UF-membrane modules, containing darker residual col- 

our. The measured ADMI and true colour values were plotted 

graphically with respect to the various treatment stages (Fig. 2C). 

Again, with the exception of the colour Hazen value obtained for 

the anaerobic stage, a similar trend for colour reduction was 

observed. 

 

 

3.4. Colour removal efficiency 

 
From Fig. 2A–C it was clear that the respective biological treat- 

ment stages exhibit some degree of dye removal and hence a 

reduction in colour, with the exception of the light coloured waste- 

water being discharged after a dark coloured wastewater. From the 

ADMI results obtained for dark, medium, and light coloured waste- 

waters the following was observed: (1) colour removal did occur 

during the UF-dsMBR stage of the  treatment  system,  however, 

the RO stage removed a higher percentage of colour and (2) for 

both medium and dark coloured discharged wastewater the max- 

imum individual colour removal occurred during the anaerobic 

biological stage. This indicated the presence of azo dyes in the tex- 

tile wastewater, since the purpose of the anaerobic tank was the 

degradation of azo bonds found in azo dyes resulting in decolouri- 

sation of the azo dye [11,17]. Therefore, the higher the concentra- 

tion of azo dyes in the wastewater, the higher the colour removal 

in the anaerobic stage. 

An  independent  t-test  was  done  between  the  ADMI  values 

obtained for both the UF permeate and RO permeate of the dark, 

medium and light coloured HRT sample sets (Table 6). The t-test 

measures the significant difference between two sets of data, 

either dependently or independently, by comparing the means of 

the two points. The t-value, which can be negative as absolute val- 

ues are not used when calculating the t-value, and p-value take 

both the sample size and standard deviation into account. The t- 

test is interpreted using p-values. 

A p-value smaller than and equal to 0.05 (p 6 0.05) was inter- 

preted as significant as it indicated a probability of 5% or less dif- 

ference between the ADMI results obtained for the different 

coloured sample sets and treatment stages. The p-values, in Table 6, 

indicate that the difference between the ADMI values of the UF 

permeate for the dark, medium and light  coloured  sample  sets 

was significant, as the p-values were below 0.05 or equal to 0.05. 

The p-values also indicate that the difference between the ADMI 

values of the RO permeate for the dark and light coloured sample 

sets was significant, as the p-values were below 0.05.  Therefore, 

even though different coloured wastewater was  fed  to  Phase  1 

the results obtained, with regard  to  colour  removal  in  both  the 

UF and RO permeate was significant and could be compared. 

Ferraz et al. [35] operated an upflow anaerobic sludge bed 

(UASB) combined with a submerged aerated biofilter (SAB) system 

in the treatment of textile wastewater from a jeans factory. Using a 

combination of various HRT and organic loading rates (OLR) the 

individual colour removal efficiency for the UASB ranged from 

50% to 64%, with an overall colour removal range of 61–86% after 

the SAB. In the current study individual colour removal efficiencies 

were obtained ranging from 5% to 97% depending on the colour of 

the wastewater discharged and the colour of the wastewater 

already in the system. Brik et al. [2] (tubular UF-membrane with 

a 0.28 m2  filter area and 15 kDa cut-off); Badani et al. [3] (tubular 

UF-membrane with 25 nm mean pore size), and Schoeberl et al. 

[24] (tubular crossflow UF-membrane with a 0.28 m2 filter area 

and 15 kDa cut-off) all utilised sidestream MBR systems to treat 

industrial mixed textile  wastewater.  Badani  et  al.  [3]  and  Brik 

et al. [2] obtained colour removal of 70% and >87% with the side- 

stream MBR system, respectively. Kim et al. [36] performed a study 

on the colour removal efficiencies of reactive dyes with a NF and 

RO combined MBR system. The results showed a >90% removal of 

reactive black 5 and reactive blue 49 dyes and a 76% removal of 

the reactive blue 19 dye. Nowak and Winnicki [37] reported 97% 

dye, >780 molecular weight, removal, with a tubular cross flow 

UF membrane. During the current study the sidestream UF-dsMBR 

 

Table 7 

Overall percentage removal of the hydraulic retention time sample sets. 

 

Parameter Dark coloured wastewater (HRT2, 

HRT3 and HRT4) 

 

Medium coloured  wastewater 

(HRT1) 

 

Light coloured wastewater (HRT5) SANS 241-1:2011 drinking 

water specifications [34] 

 Anaerobic 

feed 

RO 

permeate 

% Overall 

removal 

 Anaerobic 

feed 

UF 

permeate 

% Overall 

removal 

 Anaerobic 

feed 

RO 

permeate 

% Overall 

removal 

 

Temperature 24.9 25.0 N/A  16.2 21.3 N/A  26.2 24.2 N/A ni 

( C)             
pH 11.1 8.8 N/A 

 
11.1 8.7 N/A 

 
7.4 9.5 N/A P5–69.7 

Conductivity 3848 305 92.1 
 

1079 6805 – 
 

3012 175 94.2 61700 

(lS/cm) 

TDS  (ppm) 

 
7710 

 
215 

 
97.2 

  
759 

 
6730 

 – 
  

2020 

 
125 

 
93.8 

 
61200 

COD (mg/L) 579 78.3 86.5 
 

738 80.0 89.2 
 

715 87.0 87.8 ni 

Ammonium 11.8 8.8 25.4 
 

10.3 10.3 0 
 

18.7 11.0 41.3 61.5 

(mg/L) 
            

TSS (mg/L) 40.0 0.33 99.2 
 

51.0 15.0 70.6 
 

34.0 0.0 100 ni 

Turbidity 24.3 0.58 97.6 
 

43.1 0.74 98.3 
 

30.5 0.0 100 65.0 

(NTU) 
            

Phosphate 1.4 0.92 36.3 
 

1.9 1.1 40.5 
 

1.6 1.2 23.7 ni 

(mg/L) 
            

Nitrate (mg/L) 1.9 1.9 0 
 

2.0 1.8 12.5 
 

1.7 1.3 26.7 ni 

TOC (mg/L) 107 14.0 6.9 
 

107 104 2.5 
 

103 8.8 91.5 615 

DOC (mg/L) 92.8 11.3 87.8 
 

78.4 57.0 27.3 
 

62.7 11.5 81.7 ni 

True colour 399 15.4 96.1 
 

278 171 38.4 
 

68.0 13.0 80.9 20–50 

(mg Pt/L) 
            

ADMI (ADMI 1956 18.3 99.1 
 

1027 436 54.9 
 

290 27.8 90.4 ni 

units) 
            



142 D. De Jager et al. / Separation and Purification Technology 135 (2014) 135–144 

 

 

Table 8 

Average ammonium and nitrate present in the different biological treatment stages 

for the duration of the study. 

Treatment stage Average ammonium (mg/L) Average nitrate (mg/L) 

Sump 9.0 3.0 

Anaerobic tank 21.5 3.0 
 

Anoxic 28 3.9 

Aerobic 31 3.9 

 

 
 

system used to treat industrial textile wastewater containing reac- 

tive, vat, 1:2 metal complex and dispersed dyes achieved an overall 

colour removal (Table 7) of 99.1% and 90.4% in the dark and light 

HRT sample set, respectively and 54.9% for the medium coloured 

HRT sample set that stopped at the UF permeate. Therefore, 

although the composition of the feed wastewater was continuously 

changing during the study period the results obtained show that 

the UF and RO permeate composition remained consistent. 

The overall removal results (refer to Table 7) obtained for the 

HRT sample sets, accounting for the flow rates and tank volumes, 

provide a more accurate representation of the treatment process 

since both the flow rate and tank volume influences the amount 

of time the wastewater spends in a treatment stage, which has a 

direct impact on the efficiency of the treatment process. Taking 

all the samples of a sample set simultaneously only indicates that 

moment in the treatment process. 

It is important to note that the colour study was done under 

limited time and therefore the results only relate to particular con- 

ditions and are not necessarily of a general application. 

 
 

3.5. Overall treatment efficiency for the hydraulic retention time (HRT) 

samples 

 
The pilot plant UF-dsMBR design was based on a modified ver- 

sion of the traditional UCT-configured BNR CAS system. Therefore, 
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0 

denitrification occurred in the anoxic tank and nitrification 

occurred in the aerobic tank. When denitrification occurs, the 

nitrate concentration decreases as nitrate is reduced to nitrogen 

gas [38], while the ammonium concentration decreases and nitrate 

concentration increases during the process of nitrification in the 

aerobic tank. However, during this study in addition to nitrification 

occurring in the aerobic tank the separate process of mineralisation 

of the resulting aromatic amines from the cleavage of the azo dyes 

was also occurring. During the current study in the aerobic tank 

instead of the ammonium concentration decreasing and the nitrate 

concentration increasing, as is expected during nitrification, the 

ammonium concentration increased (Table 8). Mineralisation of 

the azo dyes are complete when the aromatic amines have been 

biodegraded to carbon dioxide (CO2), water (H2O) and ammonia 

(NH3) [15]. Therefore, the occurrence of mineralisation was con- 

firmed in the aerobic tank. However, an increase in the ammonium 

concentration was also observed between the sump and anaerobic 

tank, this was due to the 1.7 M urea that was dosed into the anaer- 

obic tank feed line during operation of the pilot plant. Due to the 

increase in ammonium concentration observed in the anoxic tank 

it was concluded that mineralisation also occurred during this 

treatment stage. This can be attributed to recycle lines from both 

the aerobic tank and UF-membrane modules feeding into the 

anoxic tank. 

The overall percentage DOC removal (i.e., mineralisation) [17] 

was 87.8%, 27.3% and 81.7%, respectively for the dark, medium 

and light coloured HRT sample sets (Table 7). The medium col- 

oured HRT sample set showed a lower percentage removal since 

this sample set did not include Phase 2 (i.e., the RO membrane). 

These results, together with the increased ammonium concentra- 

tion in the aerobic tank therefore, lead to the conclusion that min- 

eralisation of the aromatic amines occurred in the aerobic tank. O Neill et al. [8] noted that following the treatment of a simu- 

lated textile wastewater, with an inclined tubular anaerobic diges- 

ter and upflow anaerobic sludge blanket reactor followed by 

aerobic treatment, the ADMI of a pH-adjusted sample was lower 

than a non pH-adjusted sample. This trend was also observed dur- 

ing operation of the pilot plant in this study when dosing the tex- 

tile wastewater entering the anaerobic tank with 0.5 M phosphoric 

acid to decrease the pH from 10 to 7. Randomly selected waste- 

water samples showed a decrease in ADMI from an average value 

of 951 ADMI units to an average of 701 ADMI units (an average 

reduction of 26.3%). It was also observed that during phosphoric 

acid dosing the total organic carbon (TOC) values decreased from 

106.8 to 90.6 mg/L and 105.5 to 76.3 mg/L for two random sam- 

ples,  while  the  dissolved  organic  carbon  (DOC)  subsequently 
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increased from 78.4 to 86.9 mg/L and 75.8 to 81.6 mg/L for the 

same two samples. 

Even though HRT1 was classified as a medium colour and HRT3 

as a dark colour both HRT samples sets showed a significant 

decrease in DOC during the anaerobic stage, of 16.6% and 41.8%, 

respectively (Fig. 3A). Data collected and correlated to the dye- 

house processes, not included due to a non-disclosure agreement 

with the industrial partner, occurring during the operation of Phase 

1 indicated that for both HRT1 and HRT3 samples the same vat 

dyes, specifically basic dyes used to dye acrylic fabric were being 

used. Therefore, it appears that most of the vat dye mineralisation 

occurs during the anaerobic stage of the biological treatment sys- 

tem. In Fig. 3B a decrease in DOC, of 12.5%, 27.2% and 23.1% for 

HRT2, HRT4 and HRT5, respectively, was observed during the 

anoxic stage. Both HRT2 and HRT4 were classified as a dark colour, 

while HRT5 was classified as light in colour. For HRT2, HRT4 and 

HRT5 the same reactive dyes, specifically 1:2 metal complex dyes 

used to dye nylon or wool, and vinylsulphone reactive dyes used 

Fig. 3. Dissolved organic carbon trends for different dye classifications: (A) vat dyes 

and (B) reactive dyes. 

to dye cotton were being used by the dyehouse. Therefore, it would 

appear that for reactive dyes most of the dye mineralisation occurs 
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during the anoxic stage. According to a study by Slokar and Le 

Marechal [10], the best colour removal achieved using biodegrada- 

tion occurred when disperse dyes were present in the textile 

wastewater. More than 50% of the disperse dyes were decolourised 

within one day using anaerobic and aerobic biodegradation tech- 

niques; 74% of the reactive dyes were decolourised using biodegra- 

dation, longer time periods of four days were required. However, 

DOC reduction never exceeded 50%. 

Nowak and Winnicki [37] reported 50–60% TOC removal, with a 

tubular crossflow UF-membrane. During the  current study TOC 

removal of 4.5%, 2.5% and 1.6% was obtained during the UF-dsMBR 

treatment stage for the dark, medium and light coloured textile 

wastewaters, respectively. An overall TOC removal of 86.9% and 

91.5% was obtained for the dark and light coloured HRT sample 

sets. 

The HRT sample sets which included the RO system (i.e., the 

dark and light coloured sample sets) showed an overall removal 

of above 80% for all the parameters measured with the exception 

of ammonium, phosphate and nitrate. However, all the parameters 

met the SANS 241-1:2011 [34] drinking water specifications. 

 
 

4. Conclusions 

 
After treating the textile wastewater of the industrial partner 

with  the  sidestream  UF-dsMBR  system,  the  treated  water  met 

the City of Cape Town (CCT) industrial wastewater standards, but 

could not be re-used within the dyeing processes due to the pres- 

ence of residual colour and salt in the UF permeate. All parameters 

measured for the HRT sample sets which included the RO post 

treatment system met the SANS 241-1:2011 drinking water speci- 

fications and with the exception of ammonium, phosphate, nitrate 

and TOC showed overall removal efficiencies in excess of 80%. 

Overall  colour  removal  efficiencies  of  99.1%  and  90.4%  was 

recorded for the dark and light coloured HRT sample sets, which 

included the RO post treatment stage, respectively while an overall 

colour removal efficiency of 54.9% was recorded for the medium 

coloured HRT sample set which excluded the post treatment stage. 

The cleavage of azo bonds was indicated by removal efficiencies 

of 48.2% and 63.2% for the dark and medium coloured HRT sample 

sets in the anaerobic treatment stage. Overall DOC removal effi- 

ciencies of 87.8%, 27.3% and 81.7%, respectively for the dark, med- 

ium and light coloured HRT sample sets together with increased 

ammonium concentration in the aerobic tank indicated minerali- 

sation of the resulting aromatic amines. 

Although the composition of the feed wastewater was continu- 

ously changing during the study, consistent reduction of the colour 

and the other parameters measured in the incoming wastewater 

was evident in the composition of the UF and RO permeates. From 

the results obtained it may be concluded that the combined UF- 

dsMBR and RO membrane in the RO system can successfully treat 

industrial textile wastewater to within drinking water specifica- 

tions and may therefore be re-used by the industrial partner in 

dyeing processes. 
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