
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Fouling and Cleaning of Gas-Filled Membranes for Cyanide Removal
Binbing Hana; Zhisong Shenab; S. Ranil Wickramasinghea

a Department of Chemical Engineering, Colorado State University, Fort Collins, CO, USA b Department
of Environmental Engineering, Jiangsu Institute of Microbiology, Wuxi, P.R. China

To cite this Article Han, Binbing , Shen, Zhisong and Wickramasinghe, S. Ranil(2005) 'Fouling and Cleaning of Gas-Filled
Membranes for Cyanide Removal', Separation Science and Technology, 40: 6, 1169 — 1189
To link to this Article: DOI: 10.1081/SS-200053315
URL: http://dx.doi.org/10.1081/SS-200053315

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1081/SS-200053315
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Fouling and Cleaning of Gas-Filled
Membranes for Cyanide Removal

Binbing Han

Department of Chemical Engineering, Colorado State University,

Fort Collins, CO, USA

Zhisong Shen

Department of Chemical Engineering, Colorado State University,

Fort Collins, CO, USA and Department of Environmental Engineering,

Jiangsu Institute of Microbiology, Wuxi, P.R. China

S. Ranil Wickramasinghe
Department of Chemical Engineering, Colorado State University,

Fort Collins, CO, USA

Abstract: Results of an experiment on the removal of cyanide from two industrial

wastewaters by using gas-filled hollow fiber membranes in a pilot plant in China

are presented. The plant was operated in batch mode using 1000 L of feed solution.

The plant contained 10 hollow fiber modules with a total effective membrane surface

area of 180 m2. The strip stream consisted of a 10% NaOH solution. The overall

mass transfer coefficient for cyanide was determined experimentally. A decrease in

the overall mass transfer coefficient with time was observed for real wastewaters due

to fouling of the membrane. In particular, the presence of particulate matter in the

wastewater can lead to a significant decrease in the overall mass transfer coefficient

and, hence, the rate of cyanide removal. Various cleaning strategies were investigated

in order to regenerate the membrane. The gas-filled membranes were stable for over two

months of continuous operation when they were used with industrial wastewaters.

Keywords: Cyanide, gas-filled membrane, wastewater, membrane fouling, membrane

cleaning

Received 29 April 2004, Accepted 10 January 2005

Address correspondence to S. Ranil Wickramasinghe, Department of Chemical

Engineering, Colorado State University, Fort Collins, CO 80523-1370, USA.

Fax: þ1 970 491 7369; E-mail: wickram@engr.colostate.edu

Separation Science and Technology, 40: 1169–1189, 2005

Copyright # Taylor & Francis, Inc.

ISSN 0149-6395 print/1520-5754 online

DOI: 10.1081/SS-200053315

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



INTRODUCTION

Cyanide is widely used in many industries. However due to its high toxicity,

cyanide removal from liquid waste streams is essential (1). According to the

United States Environmental Protection Agency (U.S. EPA), the final

cyanide concentration in wastewaters must be reduced to less than

5.0 mg/L for facilities discharging less than 10,000 gal/day or 1.9 mg/L for

facilities discharging more than 10,000 gal/day, respectively (2). Further,

recovery and reuse of cyanide from wastewater streams may bring significant

economic benefits. Several different cyanide removal processes have been

developed (1, 3–23). Among them, alkaline chlorination (1) is the most

commonly used process in practice. However this process suffers from

several problems: 1) it is less effective for the removal of iron cyanides;

2) cyanide cannot be recovered and reused; and 3) more severely, chloramines

and free chlorine remain in solution leading to the production of secondary

contaminants.

The use of gas-filled microporous membranes to remove and recover

cyanide from wastewaters may overcome these problems (15–23). Figure 1

is a schematic diagram of a gas-filled microporous membrane-based absorp-

tion process for cyanide removal. A hydrophobic microporous membrane,

e.g., polypropylene (PP) or polytetrafluoroethylene (PTFE), is used to

separate two aqueous streams: the feed solution (wastewater) and the strip

solution. The membrane pores remain gas filled as long as the pressure differ-

ence between these two aqueous phases is less than the critical pressure known

as the breakthrough pressure. The wastewater containing cyanide flows on one

side of the membrane while the strip solution containing reactive NaOH flows

on the other side. The protonated form of cyanide, or prussic acid (HCN), is a

weak acid with a pKa of 9.31. Since HCN is volatile, it will vaporize at the

wastewater/membrane interface, diffuse across the gas-filled pores, and

enter the strip solution. In the reactive strip solution HCN will react with

NaOH to form NaCN,

HCN þ NaOH ! NaCN þ H2O ð1Þ

This reaction is very fast, thus the HCN concentration in the strip solution is

essentially zero. Consequently, HCN will continue to transfer from the waste-

water to the strip solution providing there is excess NaOH present in the

strip solution. From the preceding description, it can be seen that the use of

gas-filled microporous membranes offers a number of advantages. The

cyanide can be recovered and reused; no secondary pollutants are produced;

the energy and chemical requirements are low; and the equipment is simple

to operate (15–23).

Cyanide removal using gas-filled membranes was conducted at both the

laboratory and pilot plant scales using artificial and real wastewaters (15–23).
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However these previous studies were limited to short run times, usually of less

than 2 hours. Further, no information is available on membrane fouling and

appropriate cleaning strategies. Nevertheless, membrane cleaning will be

essential in the design of a viable commercial process. Extended operation

may result in membrane fouling if particulate matter is present in the feed

solution. These particles may deposit on the membrane surface and block

the membrane pores. Further, the long-term stability of gas-filled

membranes is not well documented; although, Zhang and Cussler report

that their gas-filled membranes were stable for several months in laboratory

scale studies (24).

In this paper, the long-term performance of gas-filled membranes for

cyanide removal was investigated using two real wastewater streams. One

of the wastewater streams was obtained from a caffeine manufacturing

process while the other was obtained from a benzonitrile (a pesticide) manu-

facturing process. These two wastewaters are denoted as caffeine and

Figure 1. Illustration of HCN removal by a gas-filled membrane absorption.
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benzonitrile wastewater, respectively. In the caffeine wastewater, there was

only one volatile component, i.e., cyanide. However in the benzonitrile waste-

water a high concentration of volatile benzonitrile was also present. Cyanide

removal was studied using a 1000 L pilot scale plant operated in a batch mode

for up to 2 months. The plant used 10 hollow fiber modules with a total

effective membrane surface area of 180 m2. Experimental results obtained

indicate that the gas-filled membrane could be stable for at least 2 months.

Further, the degree of membrane fouling depended strongly on the compo-

sition of the feed stream. A dilute acid solution was effective in regenerating

the fouled membranes.

THEORY

The HCN flux, J, from the feed to strip solution may be described by the

following equation,

J ¼ Ktð½HCN�F;t � ½HCN�S;tÞ � Kt½HCN�F;t ð2Þ

where Kt is the overall mass transfer coefficient at time t and [HCN]F,t and

[HCN]S,t are the HCN concentrations in the bulk feed and strip solution at

time t, respectively. It is assumed that excess base is present in the strip

solution, thus the HCN concentration in the strip solution, [HCN]S,t, is

always essentially zero. Equation (2) indicates that the HCN flux may be

predicted if the overall mass transfer coefficient and the bulk HCN concen-

tration in the feed solution are known.

A mass balance around the feed reservoir results in the following differ-

ential equation,

dð½HCN�F;tVF;tÞ

dt
¼ �KtAð½HCN�F;t � ½HCN�S;tÞ � �KtA½HCN�F;t ð3Þ

In Eq. (3), the left hand side gives the rate of change of HCN in the bulk

feed solution while VF,t is the volume of the feed solution at time t. The

right hand side of Eq. (3) gives the rate of transfer of HCN from the feed to

the strip solution while Kt is the overall mass transfer coefficient for HCN

at time t. Since it is assumed there is excess base, [HCN]S,t is zero. In

deriving Eq. (3) it also is assumed that the recirculation rate is fast relative

to the rate of mass transfer (25), consequently the HCN concentration in the

hollow fiber modules does not change significantly in one pass.

Previous studies indicated that when the activities of the feed and strip

solutions are different, for example if the salinity of the feed solution is

high, the water vapor pressure will be different for the two solutions

(22, 23). Consequently, water will transfer between the two solutions due to
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osmotic distillation. We assume that the change in volume of the feed solution

due to osmotic distillation is given by the following expression,

VF;t ¼ VF;0 þ at ð4Þ

where VF,0 is the initial feed volume, a is the average rate of volume change,

and t is the time. Since a is small, the volume of the feed solution in the hollow

fibers does not change significantly in one pass. Substituting Eq. (4) into Eq.

(3) and then integrating Eq. (3) from t ¼ 0 to t gives,

ln
½HCN�F;t

½HCN�F;0

� �
¼ �

ðt

0

KtAþ a

VF;0 þ at

� �
dt ð5Þ

The overall mass transfer coefficient, Kt, will decrease with time due to

membrane fouling. However for short run times (for example two hours or

less) we may assume the mass transfer coefficient is approximately constant

and may be represented by an average mass transfer coefficient, Kt.

Equation (5) may be integrated to obtain Eq. (6) where Kt has been

replaced by Kt,

ln
½HCN�F;t

½HCN�F;0

� �
¼ �

KtAþ a

a

� �
ln 1þ

at

VF;0

� �� �
ð6Þ

For jat=VF;0j , 1,

ln 1þ
at

VF;0

� �� �
¼

at

VF;0
�

at

VF;0

� �2

þ � � � ð7Þ

Further, for small at/VF,0 the series expansion in Eq. (7) may be truncated

after the first term and substituted into Eq. (6) resulting in,

ln
½HCN�F;t
½HCN�F;0

� �
¼ �

KtAþ a

VF;0

� �
t ð8Þ

Thus plotting ln([HCN]F,0/[HCN]F,t) vs. t should yield a straight line with a

slope of ðKtAþ aÞ=VF;0. For a given total membrane surface area, A, and an

initial feed volume, VF,0, Kt can be calculated if a is known. Equation (8) is

not applicable for a long-term operation (more than a few hours) as Kt may

vary significantly with time. For long-term operation, we may split the

whole operation period into a series of successive short-runs, and apply

Eq. (8) for each short time period. In the absence of volume change, a ¼ 0

and Eq. (8) are identical to the equation used in previous cyanide removal

studies (15–22). In this case, plotting ln([HCN]F,0/[HCN]F,t) vs. At/VF,0

should yield a straight line with a slope of Kt.
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In aqueous solution HCN can dissociate as follows,

HCN ! Hþ þ CN� pKa ¼ 9:31 ð9Þ

If the pH of the aqueous feed solution is much less than 9.31, HCN will be the

dominant component. However if the pH of the feed is more than 8.5, less than

85% of the cyanide will be present as HCN. Since HCN is the species that

volatizes and diffuses through the membrane pores, if the pH of the feed is

higher than 8.5, the actual undissociated HCN concentration in the feed

solution should be used. As analytical methods determine the total cyanide

present (22, 23), it is necessary to express the undissociated HCN concen-

tration in terms of the total cyanide, [CN]T, which is denoted as,

½CN�T ¼ ½HCN� þ ½CN�� ð10Þ

Further,

½Hþ�½CN��

½HCN�
¼ 10�9:31 ð11Þ

Combining Eqs. (10) and (11) leads to,

½HCN� ¼ ½CN�T
10�pH

10�pH þ 10�9:31
ð12Þ

Equation (12) should be substituted into Eq. (8) if the pH of the feed is above 8.5.

The overall mass transfer coefficient may be calculated from individual

mass transfer coefficients as,

1

K
¼

1

kF

þ
1

kM

þ
1

kS

ð13Þ

where kF, kM, and kS are the three individual mass transfer coefficients that

describe the transfer of HCN across the feed side concentration boundary

layer, through the membrane, and across the strip side concentration

boundary layer, respectively (18). In the studies conducted here the feed

stream always flowed inside the hollow fibers.

Previous investigators have shown that the lumen side mass transfer

coefficient may be estimated by the following equation (16, 18, 24),

kFd

DF

¼ 1:64
d2nF

lDF

� �
ð14Þ

where d and l are the inside diameter and the length of the hollow fibers

respectively; DF is the diffusion coefficient of the volatile species in the
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feed, and nF is the velocity of the liquid phase through the hollow fiber lumen.

We do not expect membrane fouling to significantly affect the diffusivity of

HCN in the feed stream. Further, though deposition of particulate matter

on the membrane surface could lead to a narrowing of the inside diameter

of the hollow fibers, changes in d and nF are expected to be minor. Therefore

the lumen side mass transfer coefficient is assumed to be independent of time.

Equation (14) was originally developed by Lévêque (26) for heat transfer

in tubes. Though numerous assumptions are involved in the derivation of

Eq. (14), see Castino and Wickramasinghe (27), the mass transfer analog

has been used by Kenfield (18), Shen et al. (20–22), and Yang and Cussler

(28) to predict the mass transfer coefficient inside the fibers.

The membrane mass transfer coefficient may be predicted by the equation,

kM ¼
1DMH

dt
ð15Þ

where 1 and d are the void fraction and membrane thickness of the hollow

fiber membrane; t is the tortuosity of the membrane pores; DM is the

diffusion coefficient of the HCN in the gas phase within the membrane

pores; and H is the partition coefficient of HCN, which relates the concen-

tration of HCN in the gas phase to that in the liquid phase (18). In Eq. (15)

each of the independent variables could be a function of time. However we

expect 1, d, and t to vary the most with time. Deposition of particulate

matter in the membrane pores could lead to complete pore blockage and,

therefore, a change in the effective porosity of the membrane. Deposition of

particulate matter on the membrane surface could lead to the formation of

a “dynamic membrane,” which will lead to an increase in the effective

membrane thickness. In addition, deposition of particulate matter in the

membrane pores could lead to partial occlusion of the pores and, hence, a

change in the tortuosity factor (see Fig. 1). The tortuosity factor accounts

for the pore geometry. Tortuosity factors ranging from 2–12 have been

reported (29, 30).

The strip side mass transfer coefficient for a reactive strip solution is more

difficult to predict. Cussler (30) showed that the form of the mass transfer corre-

lation depends on whether the reaction, for example the reaction between HCN

and NaOH, is fast or instantaneous. Astarita et al. (31) showed that the

presence of a chemical reaction may significantly accelerate the rate of mass

transfer. For cyanide removal Kenfield et al. (18) and Shen et al. (17) showed

that in the presence of excess NaOH, the strip side mass transfer coefficient is

much larger than is the feed side mass transfer coefficient. Thus, for cyanide

removal, kS may be ignored and the overall mass transfer coefficient simplified to,

1

K
¼

1

kF

þ
1

kM

ð16Þ

We shall use these equations to analyze the experimental results.
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EXPERIMENTAL

Two different cyanide-containing wastewaters, one containing caffeine and

the other benzonitrile, were investigated. Table 1 gives further details of

these wastewater streams. The strip solution consisted of a 10% NaOH

solution. Hydrophobic microporous polypropylene hollow fibers, OD

450mm, average wall thickness 60mm, pore size 0.05–0.2mm, and average

porosity 35%, were used in this study. Table 2 gives further details of these

hollow fibers. The hollow fibers were packed into module housings of two

different dimensions as described in Table 3.

The pilot scale experimental set up is shown in Fig. 2. The cyanide-

containing wastewater is pumped from a reserve tank into the wastewater

feed tank through a polypropylene fine filter (pore size less than 5mm). The

strip solution is also pumped from a reserve tank through a polypropylene

fine filter and then into the strip tank. From the feed tank, the wastewater is

pumped through the lumen side of the hollow fiber modules at 15 m3 hr21

while the strip solution is introduced into the shell side of the modules at

the same flow rate. This arrangement can maximize the rate of mass

transfer by avoiding bypassing and channeling on the feed side (25). The

feed and strip solutions are recycled. The volume of the feed and strip

solutions was 1000 and 500 L respectively. The temperature was 18 + 28C.

The hollow fiber membrane unit contained 20 modules divided into two

groups of 10 housed in a stainless steel frame 2000 � 900 � 1500 mm3 as

shown in Fig. 3. At any given time one group of 10 modules was in

operation while the other group was being cleaned or in standby mode.

Tables 2 and 3 give further details of the fibers and modules.

During operation 30–50 mL samples of the wastewater and strip solution

were removed and the cyanide concentration was determined. The cyanide

concentration was measured using silver nitrate titration for concentrations

above 10 mg/L and colorimetric analysis for concentrations below 10 mg/L

(32). In addition, the pH in both solutions was also measured.

The pilot plant was run until the cyanide concentration in the feed

solution fell below the required value for direct discharge (,0.5 mg/L).

Table 1. Details of the wastewaters tested

Wastewater

[CN2]

(mg/L) Color

Turbidity

(NTU) pH

Salinity

(%)

Other major

volatile

components

Caffeine 500–2000 Colorless ,1 2–3 ,1 None

Benzonitrile 3000–4000 Light

yellow

20�40 9.5–10 25–30 C6H5CN,

NH3, C6H6
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Table 2. Details of the hollow fibers. All the membrane properties were provided by the manufacturer

Outside

diameter

Wall

thickness Pore size Porosity

Gas

penetrability

Breakthrough

pressure Manufacturer

450mm 50–70mm 0.05–0.2mm 30%–40% 7.2 cm3/
cm2 . s . cmHg

0.25 MPa Hangzhou Hualu

Membrane Engineering

Co., Ltd., Zhe Jiang

Province, P.R. China

R
em

o
v

a
l

o
f

C
y

a
n

id
e

fro
m

W
a

stew
a

ter
1

1
7

7

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Then the feed and strip solutions were replaced with fresh solutions and the

next run started.

Membrane cleaning was investigated at both the laboratory and pilot

scales. For the laboratory experiments, small laboratory scale modules were

used. Table 3 gives details of these membrane modules (module B). Real

wastewaters contain a number of other dissolved species. Further, the waste-

waters tested here contained suspended particles. The effect of suspended

particulate matter on membrane fouling was investigated by preparing an

Table 3. Details of hollow fiber modules

Hollow fiber Module

No.

Length

(cm) Number

ID

(cm)

Length

(cm)

Housing

material Comments

A 82.5 16,000 8 112 ABS Used in pilot scale

experiments.

10 modules are

used in this study

in parallel

B 18 200 1.2 32 Glass Used in

laboratory scale

experiments

Figure 2. Pilot scale experimental set up.
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artificial feed stream consisting of standard hydrazine sulfate–hexamethylene

tetramine turbidity solution in deionized water (DI) water. The turbidity of this

test solution was 400 Nephelometric Turbidity Units (NTU). No cyanide was

present.

Laboratory scale experiments were conducted using an artificial cyanide

solution consisting of 500 mg L21 cyanide in DI water at pH 4.0. The strip

solution contained 0.4% NaOH. The overall mass transfer coefficient, K0M,

was determined using the artificial cyanide solution at a flow rate of

42.4 mL/s for the feed and strip solutions. Next the 400 NTU test solution

was run through the lumen of the hollow fibers for 5 hours, after which the

overall mass transfer coefficient for the fouled membrane, KMF, was deter-

mined using the same artificial cyanide solution.

Four cleaning strategies were investigated: use of dilute acid solution

(1%–2%, flow rate 42.4 mL/s), compressed air (0.1 MPa) sparging in

forward (lumen to shell side) mode, compressed air (0.1 MPa) sparging in

backward (shell to lumen side) mode, and use of an ethanol solution (50%,

flow rate 42.4 mL/s). For the dilute acid and ethanol, the solutions were

pumped through the lumen of the hollow fibers for 20 minutes. Gas

sparging was conducted for 1 hour.

After membrane cleaning, the overall mass transfer coefficient, KMC, was

measured again using the artificial cyanide solution. The percentage recovery

of the mass transfer coefficient, h, is defined as,

h ð%Þ ¼
KMC � KMF

K0M � KMF

� 100% ð17Þ

Based on the laboratory scale experiments, the best cleaning strategy was

chosen and verified at the pilot scale using the two real wastewaters.

Figure 3. Schematic diagram of membrane unit.
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RESULTS

Mass transfer results for the real wastewaters from the pilot plant are given in

Fig. 4. In this figure, ln([HCN]F,0/[HCN]F,t) is plotted against At/VF, as

suggested in Eq. (8) by assuming a ¼ 0. Consequently, the effects of

osmotic distillation were ignored. The results in Fig. 4 are for run times of

2 hours.

The data fall on two different straight lines. Consequently, we can

conclude that the rate of water vapor transfer due to osmotic distillation is

small (23). Further, the variation in Kt over two hours is small, allowing us

to replace Kt by Kt. As indicated by Eq. (8) the slope of the lines in Fig. 4

is equal to Kt.

Figure 4 indicates that the rate of mass transfer of HCN is much faster for

the caffeine wastewater than for the benzonitrile wastewater. In earlier work

(22, 23) we show that the lower rate of mass transfer in the benzonitrile waste-

water is due to the fact that the pH of the wastewater, 9.5, is higher than the

pKa of HCN, which is 9.31. Consequently a significant amount of the HCN

will be deprotonated. In addition, the presence of volatile benzonitrile rather

than air in the membrane pores will reduce the rate of HCN transfer (25).

Figure 5 shows the variation of the mass transfer coefficient of cyanide

with time for caffeine and benzonitrile wastewaters. In these pilot scale experi-

ments, the plant was run continuously without membrane cleaning for 40

hours for the caffeine wastewater and 20 hours for the benzonitrile waste-

water. For the caffeine wastewater, the overall mass transfer coefficient of

Figure 4. Determination of the average overall mass transfer coefficient for cyanide

for the two wastewaters.
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cyanide decreased to 0.9 � 1025 m/s from 1.06 � 1025 m/s after 40 hours,

i.e., about 15%. However for the benzonitrile wastewater, the mass transfer

coefficient decreased from 0.52 � 1025 m/s to 0.15 � 1025 m/s within 20

hours, i.e., over 70%. The presence of particulate matter in the benzonitrile

wastewater led to greater membrane fouling.

Table 4 lists the membrane-cleaning results for the laboratory scale experi-

ments. The first column gives the overall mass transfer coefficient before

membrane fouling (new membrane); the second column gives the overall

mass transfer coefficient after membrane fouling (fouled membrane);

the third column gives the overall mass transfer coefficient after membrane

cleaning (cleaned membrane), and the fourth column gives the percentage

recovery in the overall mass transfer coefficient. As can be seen, use of 2%

Figure 5. Variation of the overall mass transfer coefficient of cyanide with time for

the two wastewaters.

Table 4. Results of membrane fouling and cleaning using four different methods

Cleaning agent K0M, m s21 KMF, m s21 KMC, m s21 h, % Comments

2% HCl 1.265 � 1025 0.760 � 1025 1.222 � 1025 91 Very effective

Forward air

sparging

1.180 � 1025 0.712 � 1025 0.770 � 1025 12 Less effective

Back air

sparging

1.222 � 1025 0.724 � 1025 0.816 � 1025 18 Less effective

50% ethanol 1.162 � 1025 0.700 � 1025 1.112 � 1025 89 Very effective
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HCl or 50% ethanol were the most successful cleaning strategies. Based on

practical considerations, the pilot plant modules were cleaned using dilute

1% HCl.

Figure 6 shows the variation of the mass transfer coefficient with time for

the caffeine wastewater. In these experiments, the pilot plant was run continu-

ously for 40 hours. After this the membranes were cleaned with 1% HCl for

30 minutes. Results are shown for four different periods of operation, the

first 40 hours, 461–500, 961–1000, and 1481–1520 hours. As can be seen,

membrane fouling was not a serious problem for the caffeine wastewater.

After 1520 hours the mass transfer coefficient was similar to the mass

transfer coefficient after 40 hours of operation indicating the effectiveness

of the cleaning strategy employed.

Figure 7 shows the variation of the mass transfer coefficient with time for

the benzonitrile wastewater. Since membrane fouling is more severe for this

wastewater, membrane cleaning was initiated after 20 hours of operation.

Results are shown for the first 60 hours of operation. As can be seen

though, fouling is more severe; after two cleaning cycles the performance is

similar to that of a new membrane.

The reciprocal of the overall mass transfer coefficient is the resistance to

mass transfer. Figures 8 and 9 plot the change in the resistance to cyanide

transfer as a function of time for the caffeine and benzonitrile wastewaters.

For the caffeine wastewater the resistance to mass transfer increases slowly

with run time. However for the benzonitrile wastewater, after an initial slow

increase, the resistance to mass transfer increases rapidly after about 15

hours of operation.

Figure 6. Membrane cleaning results for caffeine wastewater.
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DISCUSSION

Unlike other membrane-based separation process such as microfiltration

and ultrafiltration, few studies have focused on fouling and cleaning of

Figure 7. Membrane cleaning results for benzonitrile wastewater.

Figure 8. Variation in the resistance to cyanide transfer as a function of time for the

caffeine wastewater.
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gas-filled membranes for simultaneous stripping and absorption. Most

previous studies used artificial feed streams that have few suspended solids

present. Consequently, blocking of the membrane pores was not a concern.

Further, most studies were run for short times, less than 2 hours, thus, a

decrease in the mass transfer coefficient with time was not observed. In

addition, the membranes used to separate the two aqueous streams are hydro-

phobic, thus membrane fouling is usually ignored.

The results obtained here indicate that for a commercial gas-filled

membrane process, membrane fouling may be significant and may lead to

compromised performance. Consequently, it is essential to develop appro-

priate cleaning strategies. Further membrane fouling is strongly dependent

on the other contaminants present in the feed stream. The presence of

suspended solids is likely to lead to significant fouling. For the caffeine

wastewater membrane fouling is much less severe than for the benzonitrile

wastewater. The caffeine wastewater results from a condensation process.

Therefore it is relatively pure and contains few suspended solids (turbidity

less than 1 NTU). Further, the pH of the feed solution is quite low, around

2–3. Such a low pH may effectively avoid membrane fouling as well.

The benzonitrile wastewater on the other hand, contained a very high

salinity (25%–30%), and also had a high pH of 9.5–10. In addition, a signifi-

cant amount of suspended solids was present as the turbidity was 20�40.

Further, during operation the membranes gradually turned darker in color

Figure 9. Variation in the resistance to cyanide transfer as a function of time for the

benzonitrile wastewater.
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indicating adsorption of other species present in the wastewater. After

cleaning the color became much lighter.

By using Eqs. (14)–(16), we obtained good predictions of the mass

transfer coefficient for a clean membrane (22, 23). For a fouled membrane,

the feed side mass transfer coefficient can still be predicted using Eq. (14).

However the variation of 1, d, and t with time needs to be considered. Esti-

mation of the variation with time of each of these parameters is difficult.

However from a practical perspective, the effect of each of these parameters

may be lumped together. Thus we define a fouling factor, E, to account for

the variation of the membrane mass transfer coefficient with time. Eq. (15)

then becomes,

kM ¼ E
1DMH

dt
ð18Þ

E varies between 0 and 1. E may be estimated from the experimental data and

Eqs. (14), (16), and (18). The more severe the fouling, the faster E decreases

with time. Figure 10 shows the variation of E with time for caffeine and

benzonitrile wastewaters for the experimental results shown in Fig. 5. For

the benzonitrile wastewater, E decreased very quickly compared to the

caffeine wastewater.

The reciprocal of the overall mass transfer coefficient gives the overall

resistance to cyanide transfer. By substituting Eq. (16) with Eq. (15) the

Figure 10. Variation of the fouling factor, E, for caffeine and benzonitrile

wastewaters.
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overall resistance to cyanide transfer is given by,

1

K
¼

1

kF

þ
dt

1DMH
ð19Þ

Comparing Eq. (19) to Figs. 8 and 9, which give the variation in the resistance

to cyanide transfer with time, it is likely that the slight increase in the

resistance to mass transfer with run time for the caffeine wastewater and for

the first 15 hours of operation for the benzonitrile wastewater, is due to

deposition of dissolved solutes on the membrane surface and in the pores.

This will lead to slight increases in d and t with time. In the case of the ben-

zonitrile wastewater, it appears that deposition of dissolved solutes also

enhances deposition of suspended solids. The deposition of suspended

solids will lead to pore blocking and, hence, a decrease in the porosity, 1. It

appears that this effect is particularly severe after 15 hours of operation,

i.e., after adsorption of dissolved solutes onto the membrane surface. Unlike

microfiltration and ultrafiltration, the transfer of cyanide and other volatile

species from the feed to the strip solution will not generate a substantial con-

vective flow through the membrane pores. Consequently, adsorption of

dissolved solutes and deposition of suspended solids occurs much more

slowly.

Table 4 shows that both 1%–2% HCl and 50% ethanol can be used to

regenerate the membranes. Further Figs. 6 and 7 show that 1%–2% HCl

can effectively regenerate the membrane fouled by real wastewaters.

Although 50% ethanol was an effective cleaning solution, it is expensive

compared to 1%–2% HCl solution. Further, operation with dilute HCl

solution is simpler from a practical perspective. Thus in the pilot scale

experiments, only the dilute HCl solution was used. The results obtained

here indicate that extended operation of gas-filled membranes for simul-

taneous stripping and absorption is likely to require the development of

a membrane cleaning procedure. The degree of membrane fouling will

depend on the dissolved and suspended solute species present in the feed

stream.

CONCLUSION

Cyanide removal from wastewater streams using gas-filled membranes was

studied at the pilot scale. Membrane fouling was observed during long-term

operation. Membrane fouling strongly depends on the dissolved and

suspended solutes present in the wastewater. Further, the fouled membrane

can be regenerated using dilute acid solution. The results shown here

confirm that gas-filled membranes can be stable for at least 2 months,

which is promising for industrial application.
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NOMENCLATURE

A membrane surface area

D diffusion coefficient

d inside diameter of hollow fibers

E fouling factor

H Henry’s law constant

J flux

K overall mass transfer coefficient

k individual mass transfer coefficient

l length of hollow fibers

t time

v velocity

V volume

Greek Symbols

a average rate of change of the feed volume

1 membrane porosity

d membrane thickness

t tortuosity of membrane pores

n kinematic viscosity of liquid

h rate of recovery in mass transfer coefficient of cyanide

Subscripts

F feed

0M fresh membrane

i,j component

M membrane

MF membrane fouling

MC membrane cleaning

S strip solution

t time

0 initial
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