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ABSTRACT

Toxic and carcinogenic reactive dyes are abundantly used in textile industries due to their
wide variety of colour and texture. In this study, a hybrid separation process was used to
remove four common reactive dyes (reactive yellow, red, black and brown) from aqueous
solution. Synthetic solution of these dyes was subjected to adsorption by activated carbon
followed by microfiltration (MF), using a ceramic membrane module. Dyes were completely
removed by adsorption at pH 4.5 and the dye-loaded adsorbents were removed by cross-
flow MF. Maximum Langmuir adsorption capacity of activated carbon for these four dyes
was in the range of 88-106 mg/g. Effects of trans-membrane pressure drop and cross-flow
rate on the throughput of the combined process was investigated. Membrane fouling was
due to the cake type of layer formed by the activated carbon particles. Five different wash-
ing protocols were tested for their efficiency and the acid-alkali wash was found to be the

most effective.

Keywords: Ceramic membrane; Microfiltration; Adsorption; Activated carbon; Washing

1. Introduction

Textile industries produce effluent containing toxic
and carcinogenic dyes. Since dyeing units require
about 40-50 L of water for processing of 1kg of cloth
[1], the amount of wastewater produced is huge. A
typical textile effluent contains pollutants such as siz-
ing agents, dyes, volatile organic compounds, ethylene
glycol and huge amount of salt which are resistant to
various treatment processes [2-7].

*Corresponding author.

Reactive dyes are mainly used to colour cotton,
rayon and other cellulosic fabrics. Due to their wide
variety of colour and texture, they are used abun-
dantly. They have very poor fixation characteristics,
thereby leaving substantial amount of dye in the
wastewater [8], that are mostly non-degradable, toxic
and carcinogenic.

Conventional methods of treatment of textile
wastewater consist of chemical coagulation (using fer-
rous, lime and polyelectrolyte), biological treatment
followed by adsorption using activated carbon [9,10].
Coagulation generates large volume of hazardous
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sludge that becomes a problem for disposal. Each
technique has its own advantages and disadvantages.
A combination of these processes provides efficient
treatment of dyeing effluent but at higher cost. Com-
bination of electrochemical treatment and chemical
coagulation [11], integration of chemical coagulation,
electrochemical oxidation, activated sludge process
[12], chemical oxidation with ozone [2], electrocoag-
ulation [13] and combination of electrochemical
method, chemical coagulation and ion exchange [14]
were reported for treatment of textile effluent. The
selection of the method mainly depends on the treat-
ment target to be achieved.

Fluctuating concentration and flow rates make the
conventional processes quite insufficient for the treat-
ment of textile wastewaters, especially for colour
removal [15,16]. Biological treatment though effec-
tively reduces the biological and chemical oxygen
demand (BOD and COD) of wastewater; it fails to
decolorize the water completely. However, these
methods are chemical intensive, time-consuming and
require more operational cost.

Membrane-based separation processes, mainly
nanofiltration, offer an attractive alternative in this
regard that can be employed to remove the dyes and
recovery of salts effectively. Membrane based tech-
nologies are cost-effective, energy efficient and treated
water can be recycled. Nanofiltration and reverse
osmosis are widely reported for dye removal [17,18].
Membrane fouling, however, is one of the major draw-
backs of membrane technologies, since it causes
decline of process throughput and deteriorates selec-
tivity. Membrane performance is affected by operating
conditions such as transmembrane pressure (TMP),
cross-flow rate and feed characteristics. Therefore, the
membrane processes are quite efficient in separation
of dye but with associated operational problems, they
are unable to handle large volume of effluent.

The present study aims to develop a hybrid sep-
aration scheme to decolorize the synthetic solution of
reactive dye used in textile industries. The process
involves two steps. In the first step, the dye is
adsorbed onto activated carbon and in the second
step, a multichannel ceramic microfiltration (MF)
membrane is used to separate the dye-loaded acti-
vated carbon particles, operating at high throughput.
The adsorption isotherm of various reactive dyes on
activated carbon and effects of various operating
conditions, such as pH, electrolyte solution and con-
centration of dye are studied in detail. Efficacy of MF
is evaluated for separation of dye-loaded activated
carbon by examining the effects of operating condi-
tions, such as TMP drop and cross-flow velocity.

S. Karmakar et al. | Desalination and Water Treatment 57 (2016) 10295-10311

2. Experimental
2.1. Materials

Four commercial reactive dyes, yellow 15, black 5,
red 24 and brown 10 were supplied by Central Glass
and Ceramic Research Institute, Kolkata, India.
Activated carbon, hydrochloric acid (HCl) and sodium
hydroxide (NaOH) were procured from M/s Merck
Specialities Pvt. Ltd., Mumbai, India.

2.2. Characterization of dye and prediction of the molecular
size using molecular simulation

Chemical structure, molecular weight, molecular
volume and wavelength at which maximum absorp-
tion of light for the dyes occur (Amax) are presented in
Table 1 [19-22]. The standard all atom CHARMM Gen-
eral Force Field parameters were applied for water and
reactive dye molecules [23]. The topology and force
field parameters for the dye molecules compatible with
CHARMM were obtained using the formulation by
Zoete et al. [24]. A single dye molecule was placed in
the centre of 30 x 30 x 30 A cubic box containing 1,000
water molecules. Van der waals interactions were
based on Lennard Jones (L-J) 6-12 potential and the
electrostatics via columbic interaction [25]. The molecu-
lar dynamic simulations were performed with the help
of parallel architecture using 16 cores by utilization of
the CHARMM v35b6 package [26].

2.3. Studies on adsorption
2.3.1. Adsorption isotherm

Equilibrium adsorption of activated carbon was
determined by taking a fixed weight (0.2 g) of acti-
vated carbon in a series of synthetic dye solution of
200 mL each in Erlenmeyer flasks, with concentration
varying from 1 to 1,200 mg/L for all four reactive
dyes. pH of the solution was maintained at 4.5. The
synthetic dye solution was kept in an orbital shaker
with activated carbon at 150 rpm for 45 min. The tem-
perature of the solution was maintained at 298 K for
the equilibrium study. The amount of dye adsorbed
on activated carbon was calculated by following mass
balance equation,

(Co —Cc) xV

W 1)

Qe:

where Q. is the amount of dye adsorbed per gram
of activated carbon (mg/g); Cy and C. were the ini-
tial and equilibrium concentration of dye in water
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Table 1
Chemical structure and physical properties of the reactive dyes
Molecular Moleculare
Dye Chemical structure Amax (nm) weight (g/mol) volume (A%
Reactive yellow 15 HiC. N 416 634.57 498
HaC: i :NQNZ{NQSO;M.
NaO;SOH,CH,CO,S OCH3 o
Reactive black 5 9 596 991.82 578
NaO;SOCH,CH, - § { )-N=N, _,SO,Na
d HO
(”) H,N
NaO,SOCH,CH, - § < )-N=N""SO,Na
(0]
Reactive red 24 cl 531 808.48 667
el
sesian
-, CH
NaO3S SO3Na
Reactive brown 10 405 557.30 798

Cl

OH
0L
HO
e NaO4 !}IA\NJ\CI
H

(mg/L); V is the volume of solution (L) and W is
the weight of activated carbon (g).

2.3.2. Effect of pH and electrolytes on adsorption of
dyes

The effect of pH of the feed solution and elec-
trolyte concentration on the efficiency of adsorption
was investigated. pH of the feed was varied from 2 to
11 using HCl and NaOH. Two hundred millilitre of
synthetic dye solution was prepared using a dye con-
centration of 50 mg/L each. To each dye solution,
0.2 g of activated carbon was mixed and it was stirred
in an orbital shaker at 150 rpm for 30 min at room
temperature. The percentage adsorption was calcu-
lated by measuring absorption of dye using a UV-vis
spectrophotometer supplied by M/s, Perkin Elmer,
Connecticut, USA.

To study the effect of electrolyte concentration,
three concentrations of sodium chloride were used in
synthetic dye solutions of 50 mg/L of dye. These con-
centrations were 80, 100 and 120 g/L in three different

batches. To each dye solution, 0.2 g of activated car-
bon was mixed and it was stirred in an orbital shaker
at 150 rpm for 30 min at room temperature. Then the
percentage adsorption was estimated.

2.3.3. Effect of adsorbent dose on dye removal

The effect of adsorbent dose on dye removal had
been conducted in a series of experiments with all
four reactive dyes. The adsorbent (activated carbon)
dose was varied from 0.2 to 3 g/L for synthetic feed
solutions of dyes at 50 and 150 mg/L. The pH was
maintained at 4.5.

2.4. Hybrid filtration including adsorption followed by MF
2.4.1. Membrane module

A multichannel ceramic membrane module sup-
plied by Central Glass & Ceramic Research Institute,
Kolkata, India, was used in the experiments. The speci-
fications of the membrane are presented in Table 2.
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Table 2

Specifications of membrane

Item Description

Type Tubular multichannel module
Composition Alumina-clay
Permeability of nascent membrane 1.44x10°L/m*hPa
Length 201072 m
Diameter of the module 3x1072m

Shape of the channels Cylindrical

Number of channels 19

Channel diameter 4x107° m

Effective filtration area 4.75x107% m?

Range of operating pH 1-14

2.4.2. Operating conditions of MF

Two concentrations, 50 and 150 mg/L of reactive
dyes were used with 1 g/L of activated carbon at pH
4.5. MF experiments were carried out at different TMP
(35, 69, and 104 kPPa) and feed flow rates (50, 75, and
100 L/h) to determine the effect of operating condi-
tions on permeate flux under total recycle mode. The
TMP range was typical operating pressure in a MF
process. The range of feed flow rate was selected to
maintain the laminar flow. In batch mode of opera-
tion, the TMP was kept at 104 kPa and cross-flow rate
was kept at 100 L/h.

2.4.3. Experimental set-up and the procedure

The schematic of cross-flow MF ceramic membrane
set-up is shown in Fig. 1. The synthetic dye solution
along with adsorbent particles was put in the feed
tank. pH of the solution was maintained at 4.5. Mild

Index:

1. E.T: Feed tank
(adsorption)

2. F.L: Feed line

3. P.L: Permeate line

4. R.L: Retentate line

5. P.B: Pump bypass

6. W.I: Wash inlet

7. W.0: Wash outlet

8. P.R: Permeate rotameter
9. R.R: Retentate rotameter
10. B.V: Bypass valve

11. R.V: Retentate valve

Fig. 1. Experimental set-up for hybrid separation process.

stirring was provided at 100 rpm for 15 min. The
reciprocating pump was then started to draw the solu-
tion from the feed tank to the membrane module. In
this process, both valves at inlet and outlet of wash
line were closed. The retentate was recycled back to
the feed tank. The cross-flow velocity and the TMP
drop were set operating the pump bypass valve and
the retentate valve. Experiments were carried out in
two different modes, total recycle mode and batch
mode. In total recycle mode, the permeate was recy-
cled back into the feed tank to maintain the uniform
feed concentration. In case of batch mode, the perme-
ate was drawn out constantly. The permeate flow rate
was monitored continuously with the rotameter in the
permeate line. Duration of the experiments with total
recycle mode was 1h and that the batch mode was
2.5 h. After the experiment, the feed tank was filled
with tap water and cleaning protocol (as detailed in
next section) was initiated. In the set-up, provision of
backwashing was available.

2.4.4. Membrane cleaning

To identify the efficient washing procedure, five
different protocols were tested.

(1) Forward washing with stepwise increase in
cross-flow rate (P1)

After the dye experiment (50 mg/L reactive brown
dye, 1g/L activated carbon) for 1h, tap water was
pumped through membrane module, keeping the inlet
and outlet valves of wash line closed. At a particular
TMP, cross-flow rate was increased from 25 to 100 L/h
with a step of 25 L/h. Every step of the cross-flow rate
was continued for 30 min. Two sets of TMP of 69 and
104 kPa were used.
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(2) Backward washing with stepwise increase in
cross-flow rate (P2)

After the experiment with activated carbon and
dye solution, tap water was pumped through the
wash line, closing the bypass (BV, in Fig. 1) and reten-
tate valve (RV, in Fig. 1), with a circulation flow rate
25 L/h. The flow rate was increased to 100 L/h with a
step of 25 L/h. Duration of each step was 30 min and
the total washing period was 120 min.

(3) Forward washing of different durations (P3)

After a dye run of 50 mg/L reactive brown dye
and 1g/L activated carbon, forward washing using
tap water at 120 kPa and 100 L/h cross-flow rate
was used for 15 min. Then the same feed solution was
filtered for 50 min. Next, the forward washing was
continued for 30 min under the same operating condi-
tions. Again MF was conducted for 50 min followed
by forward washing for 45 min. Likewise, the duration
of the last forward washing was 60 min.

(4) Backward washing of different duration (P4)

After MF of feed solution (50 mg/L reactive brown
dye with 1 g/L activated carbon), backward washing
using tap water was conducted at 100 L/h for differ-
ent durations, e.g. 15, 30, 45 and 60 min. The sequence
of experiments was MF followed by backward wash-
ing of different duration as described in the preceding
protocol (P3).

(5) Acid-alkali washing (P5)

After the dye run is over, the inlet and outlet
valves of the washing line were closed and tap water
was pumped for 2 min to clear out any loose activated
carbon particle. Then 1 (N) HCI was recycled within
the set-up for around 30 min at 120 kPa and 100 L/h,
followed by 1 (N) NaOH for 30 min in the same
operating condition. Then the set-up was thoroughly
rinsed with tap water for around 1h. The pH of the
permeate line was occasionally monitored during the
end of the tap water washing to ensure a neutral pH
in the lines.

2.5. Analysis

2.5.1. Characterization of activated carbon

2.5.1.1. Particle size analysis for activated carbon. The
particle size for activated carbon was measured using
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Mastersizer 2000, Malvern instruments, Worcester-
shire, England.

2.5.1.2. Determination of pore size. The pore size of the
ceramic membrane was measured by Mercury Intru-
sion Porometer PM60, Quantachrome, Florida, USA.

2.5.2. Characterization of membrane

2.5.2.1. Permeability. The hydraulic permeability of the
membrane was determined by measuring the perme-
ate flux using distilled water at different TMP 35, 69,
104 and 138 kPa, respectively, keeping the flow rate
same in each case. A plot of flux against TMP drop
results in a straight line passing through the origin,
the slope of which gives the hydraulic permeability.
The initial permeability of the ceramic membrane was
found to be 1.44 x 107> L/m? h Pa as shown in Fig. 2.

2.5.3. Measurement of dye concentration and other
parameters

Dye concentration in any stream was measured
using a UV-vis spectrophotometer supplied by M/s,
Perkin Elmer, Connecticut, USA, at a wavelength
where maximum absorbance occurs. The dye rejection
was evaluated using the following relation:

— _ CP
R= { Co} x 100% @

where C, and C, are dye concentration in permeate
and feed. pH, conductivity and total dissolved solids
in feed and permeate were measured using a multi

200 | Hydraulic Permeability: 1.44x10" I/m’.h.Pa
R*:0.99

150 |

100

Pure water flux (I/m*h)
2

0 1
0 20000 40000 60000 80000 100000 120000 140000
Transmembrane pressure (Pa)

Fig. 2. Pure water flux with TMP for nascent membrane.
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parameter pocket tester (EUTECH Instruments Ltd.,
Singapore).

3. Results and discussion
3.1. Adsorption

3.1.1. Characterization of adsorbent

3.1.1.1. Determination of particle size for activated
carbon. The size distribution of activated carbon is
shown in Fig. 3. It is observed from this figure that
the average size of adsorbents is 14 ym with a range
from 0.5 to 300 pm.

3.1.2. Adsorption Isotherm

Adsorption isotherm is the relationship between
substance adsorbed and its concentration in equilib-
rium solution at constant temperature [27]. Two stan-
dard isotherms, namely, Langmuir and Freundlich are
utilized to explain the adsorption behaviour. These are
the most widely used adsorption isotherms to
characterize the dye adsorption property on activated
carbon. Fitting of other isotherms for adsorption of
reactive dyes on activated carbon is also available in
the literature [28-31]. The linearized form of Langmuir
isotherm is shown in Eq. (3).

C. C 1
==t 3)
Qe Qm KQn

where C, is equilibrium concentration of dye in the
solution (mg/L); Q. is amount of dye adsorbed per
unit mass of adsorbent (mg/g); Qm is adsorption

Volume (%)
w
T

(]
T

0 P 1l Ll Ll
0.1 1 10 100

Particle size (um)

1000

Fig. 3. Particle size analysis for activated carbon.

S. Karmakar et al. | Desalination and Water Treatment 57 (2016) 10295-10311

capacity (mg/g) and K is adsorption equilibrium
constant (L/mg). Similarly, the log-linear form of
Freundlich isotherm is

1
log Q. = - log C. + log K¢ 4)

where 1 and K¢ (mgL™"/" L'/™ ¢™") are Freundlich con-
stants. The linear forms of Eqgs. (3) and (4) correspond-
ing to all dyes are presented in Fig. 4(a) and (b) for
Langmuir and Freundlich isotherms, respectively. The
values of evaluated constants for different dyes are
tabulated in Table 3. As evident from this table,
Langmuir isotherm fits the experimental data better
than Freundlich isotherm due to much higher values
of correlation coefficient. Therefore, dye adsorption
occurs homogeneously in monolayer, i.e. adsorption
occurs at specific sites on the adsorbent and once the
site is occupied by one dye molecule further adsorp-
tion will not occur there. Maximum Langmuir adsorp-
tion capacity for these dyes is as follows: 152 mg/g
for reactive brown; 147 mg/g for reactive yellow;
135 mg/g for reactive red and 130 mg/g for reactive
black. Another measure of adsorption efficiency is
separation factor (RL). It is defined as,

1

Ro=——
" T 1+4KG

%)

where K is Langmuir constant and Cy is initial feed
concentration. RL < 1 indicates favourable adsorption.
As observed from Table 4, for all the dyes with the
concentration in the experimental range, the adsorp-
tion is highly favourable.

3.1.3. Adsorption kinetics

The kinetic study was conducted for all four dyes
and the results are presented in Fig. 5. It is observed
from this figure that the dye concentration decreases
sharply and beyond 30 min the change in concentra-
tion is marginal.

3.1.4. Effect of pH and salt concentration on adsorption
of reactive dyes

Effects of pH and salt concentration on adsorption
of reactive dyes are presented in Fig. 6(a) and (b),
respectively. It is evident from Fig. 6(a) that maximum
adsorption occurs at lower pH in the range 2-5. Extent
of adsorption in this pH range is also uniform. This
result is in accordance with the observations reported
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(@) 40 (b)
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35k |
| 221
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~ 251 Adsorbent: 1g/l 18 i
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o 20 8 16t Adsorbent: 1 g/l
O 1sk 4 i pH: 4.5
I ® Reactive brown dye L m Reactive brown dye
Lo I O Reactive yellow dye 12 O Reactive yellow dye
A Reactive red dye I 8 A Reactive red dye
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L O Reactive black dye O O Reactive black dye
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C, (mg/l) log C,
Fig. 4. (a) Langmuir isotherm and (b) Freundlich isotherm plot for dye adsorption.
Table 3
Values of Langmuir and Freundlich isotherm constants
Langmuir constants Freundlich constants
Dye K (L/mg) Om (mg/g) R? K¢ (mglfl/ npl/n gfl) n R? Separation factor (Rp)
Reactive yellow dye 0.92 152 0.99 50.7 45 0.68 0.001-0.1
Reactive brown dye 0.85 147 1.0 47.2 44  0.69 0.001-0.11
Reactive red dye 0.77 135 1.0 39.8 4.1 0.68 0.001-0.12
Reactive black dye 0.67 130 0.99 391 41 061  0.0012-0.13

Table 4
Composition of the ceramic membrane

Compound name Weight percentage

Calcium carbonate (CaCOs) 35.31
Silicon dioxide (SiO,) 45.64
Aluminium oxide (Al,Os) 19.05

by Al-Degs et al. [31]. Value of pHzpc of commercial
activated carbon is 9.0 [31] and pKa values of the reac-
tive dyes are in the range of 4.4-5.5 [31]. At lower pH,
the sulphonate groups of the dyes were protonated
making it -S5O3;H, which makes the dye solution
almost neutral or slightly positive. Therefore, it is
likely that electrostatic interaction dictates repulsion or
marginal interaction between the dye molecules and
positively charged adsorbent surface, resulting in
lower adsorption. On the other hand, in this pH
range, the adsorption is maximum and close to 100%.
This clearly indicates that electrostatic interaction is
not the sole mechanism of facilitation of adsorption of
reactive dyes on the activated carbon surface. Strong

200

180 _ Dye concentration: 150 mg/l
| Adsorbent dose: 1 g/l

m Reactive brown dye
O Reactive yellow dye

160 - pH:4.5 A Reactive red dye
140 :_‘ O Reactive black dye
120 N

100 N [m}

80 A a

Concentration of dye in the solution (mg/1)

60 Q A o
af A o
I °] A O o o o
20 e A 4 A a4 a
0 1 1 Q O O O O
0 10 20 30 40 50
Time (min)

Fig. 5. Adsorption kinetics for reactive dyes at a feed con-
centration of 150 mg/L.

hydrogen bonding between the dyes and carbon sur-
face and hydrophobic interaction between them may
be the reason of enhanced adsorption at lower pH
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(b)
100 -
w
98 I-
<
E o6}
= .
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—— Reactive yellow dye
92 - | —a— Reactive red dye
| |—0— Reactive black dye
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Salt concentration (NaCl equivalent) (g/1)

Fig. 6. Effect of (a) pH and (b) salt concentration on adsorption of reactive dyes on activated carbon.

range [31-33]. At higher pH above 9, both dye mole-
cules and the adsorbent possess negative charge and
electrostatic repulsion plays an important role, leading
to lower adsorption. At pH 11, the adsorption of vari-
ous dyes is in the range of 80-85%. This also confirms
that electrostatic interaction is not the sole mechanism
of adsorption. In between pH 4 and 6, the dye mole-
cules are practically neutral, and hence their adsorp-
tion onto the carbon surface (positively charged) is not
facilitated by electrostatic interactions, thereby
decreasing the extent of adsorption.

From Fig. 6(b), it can be seen that with increase in
salt concentration in the feed, the adsorption of reac-
tive dye decreases marginally at pH 4.5. At this pH,
the adsorbent is positively charged and the dye mole-
cules are almost neutral. Therefore, there is a competi-
tive adsorption between the negatively charged
chloride ions and almost neutral dye molecules. How-
ever, chloride ions being much smaller in size, this
phenomenon leads to slight decrease in dye adsorp-
tion. With the increase in salt concentration from 80 to
120 g/L, the percentage decrease in adsorption of dyes
by activated carbon is 0.5-0.8%, which is negligible.

3.2. Microfiltration
3.2.1. Composition of the ceramic membrane

The EDX of the ceramic membrane reveals its
composition and these are shown in Table 4. This
table indicates that silica content is maximum fol-
lowed by calcium carbonate and alumina.

3.2.2. Pore size of ceramic membrane

The pore size of the ceramic membrane was
measured by Mercury Intrusion Porometer, and it was
found out to be 0.2 pm. Pore size distribution of the
membrane was presented in Fig. 7.

3.2.3. Cross-flow MF under total recycle mode

In total recycle mode, both the retentate and
permeate are recycled to the feed tank to make the
feed concentration uniform. Fig. 8(a)-(d) represent the
permeate flux profiles corresponding to different dye
solution having initial concentration of 50 mg/L

Pore size distribution for ceramic membrane ‘

0.08 -

0.06

dV/dlog(d) (cmslg)

0.04 -

0.02 -

0.00 SN S— L
0.01 0.1 1

Pore diameter (um)

Fig. 7. Differential pore size distribution for ceramic
membrane.
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(before adsorption) with adsorbent dose 1g/L at
pH 4.5. Activated carbon particles, being larger in size
(average diameter is 14 ym) compared to pore size of
the membrane (0.2 um), deposit on the membrane sur-
face forming a cake type of layer almost at the start of
the experiment. For example, at TMP at 104 kPa, the
pure water flux was 150 L/m”h. At the same TMP,
the measured flux at the beginning is 110 L/m? h for
yellow dye, 95L/ m? h for black, 100 L/m?h for red
and 128 L/m*h for brown reactive dye. These data
confirm the instantaneous growth of cake layer of car-
bon particles on the membrane surface. These figures
exhibit the expected trends that the permeate flux
increases with TMP due to increase in driving force
and with cross-flow velocity due to increase in the
shearing effect imposed by forced convection induced
by feed cross-flow. For example, in case of reactive
yellow dye, at 35 kPa TMP, the steady-state flux is
40 L/m? h at a flow rate of 50 L/h and that for 69 and
104 kPa is 56 and 88 L/m? h, respectively at the same
cross-flow rate. Thus, the increment in steady-state
flux is around 40% for 69 kPa and 120% for 104 kPa

(compared to TMP 35kPa). Similar trends are
(a)1s0
140
13of
= 1o}
E mof [
= 100 i T T 1 1.1 LI Il—=—35kPa,50Vh
2 00— 5 A §—0—35kPa,751/h
S s —a— 35 kPa, 100 h
K r\§—§.§§§§§§§§§§—v—69kPa,50W
E T0p —o—69 kPa, 75 h
N S e ===== ===
Uas SN e Lok
oF =% __j94kPa, 751
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observed for other dyes. These data clearly confirm
that within the range of TMP used in this study, the
filtration is not pressure independent. Pressure-
independent cake filtration may occur at higher TMP.
Also with the increase in cross-flow rate from 50 to
100 L/h, the increment in permeate flux is around 15,
11 and 15%, for 35, 69 and 104 kPa, respectively.
However, the axial pressure drop was in the range of
7-10 kPa only for the cross-flow rates considered
herein. This shows improvement in mass transfer with
cross-flow and reduction in the cake layer resistance
against the solvent flux.

From Fig. 8(b), it is also observed that the perme-
ate flux for reactive black dye is the lowest among all
the dyes corresponding to identical set of operating
conditions. This is because, the molecular size of
reactive black dye is the highest among the dyes, as
evident from their molecular weight and volume as
shown in Table 1. Thus, the effective size of the adsor-
bent particles loaded with the adsorbed dyes is more
for reactive black, leading to enhanced thickness of
the cake layer, thereby lowering the permeate flux.

For example, at 104 kPa TMP and 100 L/h cross-flow
(b) 150
140
_130f
=120
5 110 |
% 100 —=— 35 kPa, 50 /h
= 9 —e—35KkPa, 75 /h
f‘.;:; 80 —4— 35 kPa, 100 I/h
aEa 70 —v— 69 kPa, 50 I/h
g —o— 69 kPa, 75 I/h
g 00 9| —o— 69 kPa, 100 I/h
50 —o—104 kPa, 50 /h
40 =0 3—3—b—d—3—8—4—4—— 104 kPa, 75 I/h
30 L Ty > 104KkPa, 100 Vh
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—O0— 69 kPa, 75 1/h
—0— 69 kPa, 100 /h
—>— 104 kPa, 50 I/h
—+—104 kPa, 75 I/h
—>—104 kPa, 100 /h
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Time (min)

50 60

Fig. 8. Profiles of permeate flux under cross-flow recycle mode (dye concentration, 50 mg/L). (a) Reactive yellow dye, (b)
reactive black dye, (c) reactive red dye, and (d) reactive brown dye.
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rate, the steady-state permeate flux is 90 L/m?h for
reactive black. Under the same operating conditions,
the permeate flux is 105, 95 and 125 L/m” h for reac-
tive yellow, red and brown dyes. The trend is similar
for other operating conditions.

As observed in Fig. 8(c), the steady-state flux for
reactive red under all operating conditions is less than
that of reactive yellow but more than that of reactive
black. The variation of flux values is marginal. This is
due to the difference in molecular sizes of the dyes
(refer Table 1 for the molecular weight and volume of
dyes). Increasing cross-flow rate from 50 to 100 L/h,
the permeate flux increases from 36 to 44 L/m”h
(22%) at 35 kPa; 52-69 L/m>h (33%) at 69 kPa and
79-92 L/m*h (16%) at 104 kPa. The enhancement of
permeate flux with cross-flow rate is due to the reduc-
tion of thickness of cake layer at higher cross-flow
rate, imparting more shear force on cake layer as
described earlier. At higher TMP, the enhancement
due to increase in cross-flow rate of identical magni-
tude, leads to reduced increment (16% compared to
33%) indicating that the cake layer becomes more
compact imparting extra resistance to the permeation
of the solvent at higher TMP. In Fig. 8(d), the flux pro-
files of reactive brown are presented. The permeate
flux for reactive brown is the highest among four
dyes. The molecular size of this dye is the lowest
(refer Table 1).

The permeate flux profiles of various dyes are
shown in Fig. 9 at dye concentration 150 mg/L (before
adsorption). At enhanced feed concentration, addi-
tional dye particles are adhered to the surface of acti-
vated carbon making it more bulky, offering more
resistance to the solvent flux during its passage
through cake layer formed by adsorbents. This leads
to decrease in permeate flux compared to that at
50 mg/L dye concentration before adsorption under
all operating conditions as shown in Fig. 8. However,
since the particle size of the dyes is quite small
compared to that of activated carbon, the decrease in
flux is marginal. For example, at 104 kPa TMP and
100 L/h cross-flow rate, the steady-state permeate flux
of reactive yellow is 100 L/m”*h at 50 mg/L dye
concentration before adsorption. Under the same
operating conditions, the permeate flux is reduced to
94L/m*h at 150 mg/L dye concentration before
adsorption. This trend is similar for all other operating
conditions for all dyes.

3.2.4. Effect of adsorbent dose on dye removal

In the adsorption-MF hybrid process, the dyes are
removed in the adsorption step and dye-loaded adsor-
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bents are removed by MF. Thus, the removal of dyes
occurs in the first step itself, and hence their removal
is independent of the operating conditions of MF.

However, adsorbent dose plays an important role
in dye removal. Removal of all dyes is more than 99%
at 50 mg/L feed concentration at 1 g/L dose of adsor-
bent as shown in Fig. 10(a). Under the same loading
of adsorbent, the removal of dyes at feed concentra-
tion 150 mg/L (before adsorption) is more than 99%
except reactive black (79-80%) and red (85-86%). The
molecular weight and hence the size of reactive black
and red are the highest (991 and 808 g/mol, respec-
tively, in Table 1) among the four dyes. Thus, less
number of dye particles at higher concentration
(150 mg/L) is adsorbed on the adsorbent compared to
those corresponding to 50mg/L as shown in
Fig. 10(b). On the other hand, for other dyes with
molecular weight less than that of reactive yellow
(molecular weight 634 g/mol), the size of the dye
molecules are such that even at 150 mg/L feed con-
centration, the adsorption is complete. However, the
trial runs indicate that slight increase in adsorbent
dose to 1.5 g/L leads to complete removal of these
two reactive dyes even at concentration 150 mg/L as
evident from Fig. 10(b). The other quality parameters
of the feed are pH 4.2, conductivity 106.3 mS/cm, total
dissolved solids 72.5 g/L. These values for the perme-
ate are 4.2, 44 mS/cm and 31 g/L, respectively.

3.2.5. Cross-flow MF under batch mode

In the batch mode, the permeate is not recycled
back to the feed tank. As a result, the feed concentra-
tion increases due to the decrease in feed volume dur-
ing filtration. The volume concentration factor, VCF
(% where V) is defined as the initial feed volume and
V' is defined as the volume of the feed after a certain
time ‘t’) increases with time. Since the feed concentra-
tion increases in time, the permeate flux never attains
a steady state under the batch mode. The profiles of
permeate flux for all the dyes at 50 mg/L feed concen-
tration and at 1g/L adsorbent dose are shown in
Fig. 11. The striking feature of this figure compared to
that under total recycle mode (Fig. 8) is the flux
decline is more prominent in this case. The decline is
sharp upto 50 min for reactive black and it is upto
20 min for reactive brown. As the filtration progresses,
the concentration of solutes (adsorbents) increases in
the feed, resulting in more deposition of them on the
membrane surface, leading to a thicker cake layer.
Since the cake layer grows in time, the resistance
against the solvent flux also increases and finally
permeate flux declines to a substantial extent. For
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Fig. 9. Profiles of permeate flux under cross-flow recycle mode (dye concentration, 150 mg/L). (a) Reactive yellow dye,
(b) reactive black dye, (c) reactive red dye, and (d) reactive brown dye.

example, in case of reactive black, the permeate flux
declines by about 20% (127-103 L/m?h) within
140 min. However, the profiles of flux decline for dif-
ferent dyes reveal an interesting trend. Permeate flux
decline is steeper in case of dyes of higher molecular
weight. Flux decline for reactive brown having the
lowest molecular weight (557) has the most gradual
decline (from 127 to 120 L/m”*h in 120 min). This
observation is in corroboration with the interaction
between dye molecules and the adsorbent as dis-
cussed in Section 3.2.3. Bulkier dyes (higher molecular
weight) make the adsorbent-dye agglomerate larger in
size, thereby forming a thicker cake layer, and hence
the flux decline is more. Flux decline is greater for
reactive black > red > yellow > black in that order and
the molecular weight and volume of the dyes also
decreases in the same order (refer Table 1).

A profile of VCF and bulk concentration of acti-
vated carbon is presented in Fig. 12. It was observed
from this figure that VCF attains the value 3.3 within
2.5h of operation in batch mode. At the same time,
the bulk concentration also increases upto three times

the initial feed concentration. Similar trends (including
numerical values) are observed for other dyes. This is
due to the fact that the adsorbent particles are mainly
filtered in MF.

3.3. Effect of different washing conditions

3.3.1. Forward washing with stepwise increase in cross-
flow rate (P1)

A solution of 50 mg/L reactive brown with 1 g/L
activated carbon was filtered at 69 kPa TMP and 25 L/h
cross flow rate under total recycle mode for 30 min. Tap
water was pumped into the system (closing wash line
valves) at 69 kPa and 25 L/h cross-flow rate. The cross-
flow rate is increased in step of 25 L/h till 100 L/h with
each cross-flow of 30 min, duration as explained in Sec-
tion 2.4.4. The profile of water flux during the complete
duration of 120 min (4 cross flow of 30 min each) is
shown in Fig. 13. The procedure is repeated at a higher
TMP, 104 kPa and the results are also shown in the
same figure. From Fig. 13, it has been observed that by
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this procedure the maximum water flux that can be
achieved is 77 L/m” h for 69 kPa and 130 L/m” h for
104 kPa. It may be noted that pure water flux for the
clean membrane is 100 and 150 L/m*h at 69 and
104 kPa TMP. This study indicates that higher TMP and
cross-flow rate in P1 mode of cleaning favour recovery
of membrane permeability.

3.3.2. Backward washing with stepwise increase in
cross-flow rate (P2)

The procedure of backwashing is presented in Sec-
tion 2.4.4. In short, after a dye experiment (50 mg/L
reactive brown; 1 g/L activated carbon; 69 kPa TMP;
25 L/h cross-flow rate under total recycle mode for
30 min), backwashing was carried out at 25 L/h under
normal atmospheric pressure with tap water. After

150
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Fig. 13. Performance of washing protocol P1.
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30 min, the circulation rate was enhanced stepwise to
100 L/h with a step of 25 L/h. Duration of each step
was 30 min. At the end of washing cycle, i.e. 120 min
(four flow rates of 30 min each), the membrane perme-
ability was measured. The permeability after back-
washing was 1.27x10°L/m*hPa compared to
1.44 x 107° L/m? h Pa, indicating about 88% recovery
of membrane permeability.

3.3.3. Forward and backward washing of different
durations (P3 and P4)

The details of these protocols are presented in Sec-
tion 2.4.4. In this case, the sequence of experiments
was: (i) dye experiment for 50 min; (ii) cleaning by tap
water for 15 min; (iii) dye experiment for 50 min; (iv)
cleaning by tap water for 30 min; (v) dye experiment
for 50 min; (vi) cleaning by tap water for 45 min; (vii)
dye experiment for 50 min; and (viii) cleaning by tap
water for 60 min. In case of forward washing, the
operating conditions were 120 kPa TMP and 100 L/h
cross-flow rate. For backward washing, the circulation
rate was 100 L/h at atmospheric pressure. Membrane
permeability after each washing step was measured
for both the cases and the results are shown in
Fig. 14. It is observed from this figure that washing
protocol P4 performs better than P3. In case of P3,
membrane permeability decreases monotonically and
after four washing, it is 1.01 x 10° L/m”* h Pa com-
pared to 1.44 x 107> L/m® h Pa of nascent membrane.
On the other hand, in case of P4, the efficiency of
backwashing is clearly demonstrated. After backwash-
ing of 15min, the permeability decreases to
1.22 x 10-3L/m* h Pa and after subsequent cleaning
of longer duration, membrane permeability is recov-
ered better. At the end of fourth backwashing, perme-
ability was recovered to 1.33 x 10-3 L/m? h Pa which
is about 93% of original permeability. For P4, back-
washing is more effective to loosen up the particles in
cake layer and wash them off.

3.3.4. Acid-alkali wash (P5)

This washing protocol is presented in Section 2.4.4.
In this case, 100% recovery of permeability was
attained. Higher efficiency of acid-alkali wash and the
possible mechanisms are reported in the literature.
Regeneration of activated carbon using acid wash was
reported by Martin and Ng [34]. During acid treat-
ment (at pH less than 2), both the activated carbon
(pHzpc =9.0) and dye molecules (pKa 4.4-5.5) are
positively charged and the electrostatic repulsion takes
place. This facilitates the physical dislodgement of
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dyes from activated carbon surface [31,34]. During
alkali treatment (at pH 12), activated carbon becomes
negatively charged and their solubility increases in
alkaline solution [35,36], leading to their disintegra-
tion. Also, the negative functional groups of activated
carbon repel each other under strong alkaline environ-
ment, leading to their dissolution [36]. Therefore, the
cake layer is completely removed and under these
mechanisms, even some smaller sized carbon particles
blocking the inside pore of the membranes get dis-
solved. Therefore, acid-alkali treatment results 100%
recovery of membrane permeability.

3.4. The comparison between this method and other
methods for similar treatment of dyes and textile effluent

Comparison of performance between the present
work and other hybrid and single-stage separation
processes is presented in Table 5. Almost complete
removal of reactive black and reactive orange was
reported by a hybrid process consisting of adsorp-
tion, coagulation and submerged MF [37]. Similarly,
coagulation/flocculation followed by submerged
MEF/ultrafiltration (UF) of dye from effluent resulted
to 50-75% removal of dye [38]. Micellar-enhanced
UF of reactive dyes (50-500 mg/L) and methylene
blue (6 mg/L) resulted in high dye removal (>97%)
[39-41]. Throughput of the process for reactive dye
systems was quite low, 7 x107°-9 x 107> L/m? h Pa.
However, limitations of these processes involve
recovery of surfactants and destabilization of
micelles under high concentration of salts in actual
textile effluent. Polyelectrolyte-enhanced nanofiltra-
tion is another hybrid process for removal of reactive
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dyes [42]. However, recovery of polyelectrolytes
from the retentate is another additional step that
increases operating cost. This process also resulted
in high dye removal (>99%), relatively higher
throughput (1.5 x 107*-2.1 x 10—4 L/m? h Pa) but the
performance deteriorated at higher salt concentration
in a textile effluent. For single-stage nanofiltration
[17,43,44], although high dye removal (>99%) was
reported, the throughput of the process was quite
low (13x10°-5x10°L/m?>hPa). In the present
work, at the first stage itself, complete dye removal
was attained by adsorption (>99% for 50 mg/L of
all dyes at 1g/L adsorbent dose [Fig. 11(a)] and at
1.5g/L for 150 mg/L dye concentration for reactive
black and brown) [Fig. 11(b)]. The throughput of the
system was high (8.1 x 107*-1.2 x 107> L/m? h Pa)
and it was the highest among all the systems shown
in Table 5. The spent activated carbon can be easily
regenerated. There are many techniques which are
adopted for this purpose such as pH reversal [29],
addition of alcohol [45,46], thermal treatment [47]
and acetone and isopropanol [48].

4. Conclusion

Removal of four reactive dyes using a hybrid sep-
aration process consisting of adsorption and MF has
been presented in this work. Following are the major
conclusions:

(i) Maximum adsorption of reactive dyes on acti-
vated carbon at lower pH, 2-5.

(ii) One gram per litre adsorbent dose was good
enough to remove more than 99% of reactive
yellow and brown dyes up to a concentration of
150 mg/L. At 150 mg/L concentration, 85% of
reactive red and 80% of reactive black were
removed with 1 g/L adsorbent dose. Trial runs
showed that more than 99% of these dyes could
be removed with adsorbent dose 1.5 g/L.

(iii) Maximum adsorption capacity was
130-152 mg/ g for different reactive dyes.

(iv) Presence of electrolyte up to 120 g/L marginally
affects the adsorption performance.

(v) Strong hydrogen bonding and hydrophobic
interaction between dye and carbon surface
were more dominant mechanism compared to
electrostatic interactions during adsorption.

(vi) Flux decline during MF was due to formation
of cake layer by rejected carbon particles.

(vii) Steady state was attained within 15 min in the
experiments under total recycle mode for all the
dyes.
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(viii) Size of the dyes played important role in
membrane fouling. Reactive black having the
larger formed a thicker cake layer resulting to
the lowest permeate flux.

(ix) Among five washing protocols tested, acid—al-
kali treatment was found to be the best.

(x)  Throughput of the process was remarkably
high, 8.1 x 107*-1.2 x 10 L/m* h Pa.
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