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ABSTRACT

The efficiency of humic acids (HA) removal from aqueous solutions by complexation-ultra-
filtration (COUF) process, in the presence of the cationic water-soluble polymer, poly(diallyl
dimethylammonium chloride) (PDADMAC) of different average Mw were studied; also the
effect of mass ratio of HA to polymer, pH of solution on the HA removal were evaluated. The
results show that the HA rejection on ultrafiltration PBCC membrane (Millipore) varied from
70 to 99.9% with addition of PDADMAC, depending on average Mw, when a HA /polymer mass
ratio was changed from 1:1 to 1:7. The solute rejection to some extent improved with an increase
in the concentration of polymeric complexing agents due to a higher completeness of the HA
binding. It was found that the HA removal change with pH value of the feed solution, owing to
protonation of the quaternary amino groups of this polymer.
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1. Introduction

The presence of natural organic matter in water is
associated with a number of problems and the forma-
tion of harmful by-products on chlorination [1-3]. One
particular group of contaminants that is present in water
supplies and which has brought about concern in the
water industry are humic substances (HSs).

Humic substances are complex and heterogeneous
mixtures of polydispersed materials formed by bio-
chemical and chemical reactions during the decay and
transformation of plant and microbial remains (a pro-
cess called humification). The HSs system is created
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by the association of various components present in
the humification process, such as amino acids, lignins,
pectins or carbohydrates, through intermolecular forces
(donor—acceptor, ionic, hydrophilic, and hydrophobic).
It is evident that the mechanisms of the formation of
humic substances can be slightly different, depending
on geographical, climatic, physical and biological cir-
cumstances, respectively [4,5]. The HSs can be divided
into components according to their solubility in different
media—humin which is completely insoluble; humic
acid (HA) which is insoluble at a pH of 1 and fulvic acid
(FA) which is soluble at any pH [4-6].

Humic substances (HSs) constitute a major frac-
tion of the dissolved and particulate organic matter in
natural ecosystems [5].
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Regardless of the still unknown structure of HSs and
the great efforts to elucidate, it is known that their major
functional groups include carboxylic, phenolic, car-
bonyl, hydroxyl, amine, amide and aliphatic moieties,
among others. Due to this polyfunctionality, HSs are one
of the most powerful chelating agents among natural
organic substances [5,7].

However, in 2005 information gathered using spec-
troscopic, microscopic, pyrolysis, and soft ionization
techniques are not consistent with the “polymer model”
of humic substances [4]. Fresh scrutiny of soil processes
active in the formation and preservation of humic sub-
stances also casts doubt on this model [8,9]. A new concept
of HS has thus emerged, that of the supramolecular asso-
ciation, in which many relatively small and chemically
diverse organic molecules form clusters linked by hydro-
gen bonds (H-bonds) and hydrophobic interactions [9,10].

Humic acids constitute the major part of NOM there-
fore these substances should be extracted from water
before chlorination to prevent the formation of chlori-
nated disinfection by-products (DBPs) [1,5]. The latter,
such as trihalomethanes (THMs) and haloacetic acids
(HAAs), have been recently recognized to be human car-
cinogens [1]. Several treatment processes or their combi-
nations are capable of removing NOM from water, for
example adsorption [11], ozonization [12], flocculation
[13,14], pre-coagulation [15,16], which do not always
satisfy the continuing tightening of drinking water stan-
dards. The removal of HA from aqueous solutions using
membrane-based techniques has been investigated by a
number of researches [1,3,15-27].

Pressure-driven membrane methods are often asso-
ciated with high-energy requirements involved in these
processes, and the membrane surface can be fouled.
Recently the application of low-pressure membrane fil-
tration such as microfiltration (MF) and ultrafiltration
(UF) to produce drinking water has grown in prevalence
due to its ability to remove a wide range of contami-
nants [3]. Therefore of particular interest is the use of
the COUF approach as an alternative water treatment
method for HA removal. The basic concept of COUF is
that—the target ions or molecules are rejected on wide-
porous ultrafiltration membranes after binding with
high molecular weight water-soluble polymers. The
advantages of this process are the low-energy require-
ments and the high binding capacity of the polymeric
complexing agents [21,22].

Tipping and Ohnstad [28] have studied the removal
of HS from solution. The degree of complexation was
found to increase with CaCl, concentration, and above
a concentration of 2.5 mM of CaCl,, substantial aggre-
gation occurred, at neutral or alkaline pH. According
to these authors, the differences in fractions of HS are

due to differences in their solubilities—presumably, the
higher molecular weight HS have a greater content of
complexing ionizable functional groups.

The main objective of this research is to investigate the
effect of the polymer molecular weight in the efficiency
of HA removal from aqueous solutions by COUF using
cationic water soluble polymers such as poly(diallyl
dimethylammonium chloride) (PDADMAC), with dif-
ferent average molecular weights of polymer and differ-
ent NMWCO ultrafiltration membranes.

2. Materials and methods

HA were obtained from Aldrich. Poly(diallyl
dimethylammonium chloride) with average molecular
weight (Mw) <100 kDa, (PDADMAC 1); average Mw
100-200 kDa, (PDADMAC 2); average Mw 200-350 kDa,
(PDADMALC 3); average Mw 400-500 kDa, (PDADMAC
4); were purchased from Aldrich and were used as poly-
meric complexing agents for HA binding.

The membranes used in this study were flat-disc ultra-
filtration membranes of Millipore PB and PL series (PBCC
Biomax PES and PLGC Ultracel RC). They are asymmetric
regenerated cellulose membranes, with a propylene sup-
port, and are considered hydrophilic in nature.

2.1. Preparation of the solution

The glassware or container was rinsed with milliQ
water and dried in an oven. Before passing any process
solution through the membrane it was flushed with mil-
liQ water.

The HA solution and polymer solution were prepared
with milliQ water. Humic acid powder was used to make
up the required concentrations for each model solution,
the HA solutions were prepared using an ultrasonic bath
and 35 min were required for full dissolution of humic
acid. The aqueous solution of the polymer was added to
HA solution with a concentration of HA of 20 mg I"! at
different HA /polymer mass ratio (1:1 to 1:7).

2.2. Filtration protocols

The blended aqueous solutions were stirred for 30
min, after that the feed solution was filtered through the
membrane. For constant pressure experiments, nitro-
gen gas was used to pressurize the feed reservoir. For
constant flux experiments, the feed reservoir was pres-
surized to 20 kPa with nitrogen gas and a peristaltic
pump was connected to the permeate line to control
the flux. Ultrafiltration experiments were performed
in a 200 ml dead-end stirred cylindrical cell (UF stirred
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cell 76 mm from millipore) with an effective membrane
area of 4.18 x 1073 m?. A stirring speed in the cell was
maintained at about 300 rpm. The pH of solutions was
adjusted by 0.1 N hydrochloric acid or sodium hydrox-
ide. HA concentration in permeate was determined by
a UV-vis spectrophotometer (Perkin Elmer Instrument,
USA) at 254 nm.
The rejection coefficient of HA was calculated as

c,-C
R:%xwo% 1)

0

where C,, CP are the HA concentrations in the feed and
permeate, respectively. Membrane flux was evaluated
following:

where | is the membrane flux, V is a permeate volume
passed through the membrane with an area of S within
time ¢ at operating pressure of P.

3. Results and discussion

The effect of the operating pressure on the HA rejec-
tion and membrane flux are presented in Fig. 1. As can
be seen in Fig. 1(a), the HA rejection is almost indepen-
dent of transmembrane pressure above 2 MPa with
all the membrane used in this research. The rejection
through the fouled membrane shows a small curvature,
corresponding to an increase in hydraulic resistance
with increasing applied pressure, reflecting a slight
compressibility of the deposit. The difference between
the rejection at AP =2 and AP =4, increases less than 1%.
This behavior is completely consistent with predictions
of the classical concentration polarization model.

The water flux through the wide porous PBCC
10 kDa and PLGC 10 kDa membranes sharply grows
with increase in operating pressure. As a result, the HA
concentration in the boundary membrane layer essen-
tially exceeds that in the bulk of solution and leads to a
decline in the observed HA rejection. It should be noted
that the HA rejection did not exceed 88% even with the
relatively narrow-pore PBCC 5kDa and PLGC 5 kDa
membranes (NMWCO of 5 kDa). This is obviously due
to a broad molecular weight distribution of the HA [29].
Fig. 1(b) shows that the volume flux of PBCC 10kDa and
PLGC 10 kDa membranes are practically twice as high
in comparison with PBCC 5kDa and PLGC 5 kDa, there-
fore both groups of membranes were used in further
COUF studies on HA removal (Table 1).
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Fig. 1. The rejection of HA (a) and membrane flux (b) versus

operating pressure during filtration of HA solution of con-

centration 20 mg L~! through membranes PBCC 5kDa, PBCC
10kDa, PLGC 5kDa, PLGC 10kDa, pH 7.

Table 1
Values of permeability of the employed membranes

Membrane Permeability values
AP/MPa
1 2 3 4
PBCC5 9 9 10.33 10.5
PBCC 10 17 24 20 18.25
PLGC 5 10 10 11.33 11.25
PLGC 10 18 26 21.67 20

The effect of HA to polymer complexants ratio on the
HA rejection and volume fluxes is shown in Fig. 2. It is
seen that the efficiency of HA removal slightly increases
with a HA /polymer ratio, obviously due to an increase
in completeness of HA binding at higher polymer con-
centration. On the other hand, the membrane fluxes
somewhat decrease with increase of HA /polymer mass
ratio, apparently owing to an increase in viscosity of the
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Fig. 2. The HA rejection and membrane fluxes at different
HA/PDADMAC mass ratio. The initial HA concentration is
20 mg L1, Membrane PBCC 5kDa, AP = 0.4 MPa, pH?7.

solutions. The volume fluxes of filtration of HA /PDAD-
MAC feed solutions are lower with increasing PDAD-
MAC average molecular weight (Fig. 2). This is because
a higher molecular weight of PDADMAC leads to a
higher viscosity of HA/PDADMAC solutions.

It was found that high degrees of the HA removal (99
and 100% in the case of 200-350 kDa, average molecu-
lar weight, (PDADMAC 3) and 400-500 kDa average
molecular weight (PDADMAC 4), respectively, were
obtained at a HA/polymer ratio of 1:7 (20:140 mg 1)
(Fig. 2). Obviously at this ratio a number of positively
charged sites in polymer macromolecules are excessive
for effective binding of HA molecules. The PDADMAC
is a polymer whose macromolecules, due to the presence
of quaternary amino groups, are capable of strong inter-
action with negatively charged HA molecules. Table 2
shows the HA rejection (% R), and membrane fluxes (J,)

Table 2

for the different membranes at different HA/PDAMAC
concentration ratios after the systems reaches the higher
HA rejection.

Fig. 3 show the dependencies of the HA rejection and
membrane flux degree on permeate collection for ultra-
filtration of HA/PDADMAC solutions at pH values of
5,7, and 9, through a PLGC 5kDa membrane. As can be
seen, an increase in a pH value of the HA/PDADMAC
feed solution from 7 to 9 leads to some decrease in HA
rejection (Fig. 3(a)). This is likely because in the presence
of the excessive quantity of “OH ions the PDADMAC
macromolecules gain more rigid conformation, enhanc-
ing the passage of macromolecules across the membrane,
but also a reduction in HA rejection occurs at higher pH
because the quaternary ammonium groups become more
hydroxylated and neutralized, decreasing charge double
layer thickness and hence their conformational molecular
size and allowing easier passage through the membrane
[13]. However, the HA rejection increases to some extent
with increasing of a degree of permeate collection (Fig.
3(b)). This is obviously, due to possible formation of a
self-rejected gel layer of PDADMAC macromolecules on
the membrane surface. It can be anticipated that owing to
the lack of protonation of the quaternary amino groups of
PDADMAC, the HA removal should not change essen-
tially in COUF process with pH alteration.

4. Conclusions

The HA removal from aqueous solutions by COUF
using cationic water-soluble polymerssuchas PDADMAC,
with different average molecular weight, was studied.

The HA rejection (R/%) and membrane fluxes (J,) at different HA/PDADMAC mass ratio. The initial HA concentration is

20 mg L1, AP= 0.4 MPa, pH 7

R/%

PDMAC1 PDMAC2 PDMAC3 PDMAC4

1:1 1:3 1:5 1:7 1:1 1:3 1:5 1:7 1:1 1:3 1:5 1.7 11 1:3 1:5 1.7
PBCC5 911 931 951 971 935 952 96.5 981 95 97 98 99 96 98 99 99.9
PLGC5 89 90 91.5 92 90 924 935 95 93 948 96.7 98 945 956 97 975
PBCC10 70 724 725 77 75 756 771 78 789 81.2 834 85 841 862 878 89
PLGC10 71 729 734 761 745 762 784 79 79 81.5 84 86 85 86.7 89 90
J,/L-m™2ht

PDMAC1 PDMAC2 PDMAC3 PDMAC4

1:1 1:3 1:5 1:7 1:1 1:3 1:5 1:7 1:1 1:3 1:5 1.7 11 1:3 1:5 1.7
PBCC5 60 59 575 56 57 56 55 54 53 52 505 49 48 465 44 41
PLGC5 61 60 58 57 575 56 544 53 54 53 51.5 50 49 47 45 42
PBCC10 70 695 67 65 68 66.5 64 62 66 64.5 63 62 63 61 585 55
PLGC10 80 775 75 73 78 76.5 75 73 775 74 725 71 709 68,5 67 66
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Fig. 3. Rejection of HA (a) and membrane fluxes (b) ver-
sus permeate collection at filtration of solution of HA/
PDADMAC at ratio of 1:1 (20 mg L), at different pH values
through membrane PBCC5kDa, AP = 0.4 MPa.

The HA rejection enhanced from 71% (PLGC 10 kDa,
1:1 HA/PDADMACI) to 99.9% (PBCC 5 kDa, 1:7 HA/
PDMAC4). It was found that filtration of HA /PDADMAC
feed solution the HA rejection increases as pH lowers as a
result of the solute binding owing to the protonation of the
quaternary amino groups of this polymer. The data
obtained show a possibility to obtain a high degree of HA
removal from aqueoussolutions via HAbinding with water
soluble cationic polymers such as PDADMAC with ultra-
filtration on wide-porous membranes at low (0.1-0.4 MPa)
operating pressures.

Acknowledgement

The authors are grateful for the financial support
provided by CONACYT (I0002-66810), complementary
support for SNI 1.

References

[1] E. Aoustin, A.L Schifer, A.G. Fane and T.D. Waite, Ultrafiltration
of natural organic matter, Sep. Purif. Technol., 22-23 (2001) 63.

[2] M. Watson and C.D. Hornburg, Low-energy membrane nano-
filtration for removal of color, organics and hardness from
drinking water supplies, Desalination, 72 (1989) 11.

[3] V. Siyanytsya, V. Lochokodan and V. Goncharuk, Natural
organic matter removal from water by complexation-ultrafil-
tration, Desalination, 223 (2008) 91.

[4] R.Suttonand G. Sposito, Molecular Structure in Soil Humic Sub-
stances: The New View, Environ. Sci. Technol., 39 (2005) 9009.

[5] E.M.Pena-Mendez, ]. Havel and J. Patoc’ka, Humic substances
- compounds of still unknown structure: applications in agri-
culture, industry, environment, and biomedicine, J. Appl
Biomed., 3 (2005) 13.

[6] A. Piccolo, The Supramolecular Structure of Humic Sub-
stances, Soil Sci., 166 (2001) 810.

[7] J. Burdon, Are the Traditional Concepts of the Structures of
Humic Substances Realistic?, Soil Sci., 166 (2001) 752.

[8] C. Jucker and M.M. Clark, Adsorption of aquatic humic sub-
stances on hydrophobic ultrafiltration membranes, J. Mem-
brane Sci., 97 (1994) 37.

[9] J. Lowe and Md. M. Hossain, Application of ultrafiltration
membranes for removal of humic acid from drinking water,
Desalination, 218 (2008) 343.

[10] G. Crozes, P. White and M. Marshall, Enhanced coagulation:
its effect on NOM removal and chemical costs, J. Am. Water
Works Ass., 87 (1995) 78.

[11] JJ.McCrearyand,V.L.Snoeyink,Characterizationandactivated
carbon adsorption of several humic substances, Water Res., 14
(1980) 151.

[12] A.P. Meijers, Quality aspects of ozonisation, Water Res., 11
(1977) 647.

[13] D.B. Babcock and P.C. Singer, Chlorination and coagulation of
humic and fulvic acids, ]. Am. Water Works Ass., 71 (1979) 149.

[14] J.G. Jacangelo, ]. DeMarco, D.M. Owen and SJ. Randtke,
Selected processes for removing NOM: an overview, J. Am.
Water Works Ass., 87 (1995) 64.

[15] N. Hankins, R. Price and N.A. Debacher, Process intensifi-
cation during treatment of NOM-laden raw upland waters:
Control and impact of the pre-coagulation regime during
ultra-filtration, Desalin. Water Treat., 8 (2009) 2.

[16] M.Q. Yan, D.S. Wang, J.R. Ni, ].H. Qu, WJ]. Ni and J. Van Leeu-
wen, Natural organic matter (NOM) removal in a typical
North-China water plant by enhanced coagulation: Targets
and techniques, Sep. Purif. Technol., 68 (2009) 320.

[17] LL. Kiichler and N. Miekeley, N. Ultrafiltration of humic com-
pounds through low molecular mass cut-off level membranes,
Sci. Total Environ., 154 (1994) 23.

[18] K.E. Geckeler and K. Volchek, Removal of Hazardous Sub-
stances from Water Using Ultrafiltration in Conjunction with
Soluble Polymers, Environ. Sci. Technol., 30 (1996) 725.

[19] R. Bian, Y. Watanabe, N. Tambo and G. Ozawa, Removal of
humic substances by uf and nf membrane systems, Water Sci.
Technol., 40 (1999) 121.

[20] R.S. Juang and C.H. Chiou, Ultrafiltration rejection of dis-
solved ions using various weakly basic water-soluble poly-
mers, ]. Membrane Sci., 177 (2001) 207.

[21] A. Maartens, P. Swart and P.E. Jacobs, Membrane Pretreat-
ment: A Method for Reducing Fouling by Natural Organic
Matter, J. Colloid Interface Sci., 221 (2000) 137.

[22] M. Siddiqui, M.G. Amy, ]. Ryan and W. Odem, Membranes
for the control of natural organic matter from surface waters,
Water Res., 34 (2000) 3355.

[23] K.L. Jones and C.R. O'Melia, Ultrafiltration of protein and
humic substances: effect of solution chemistry on fouling and
flux decline, J. Membrane Sci., 193 (2001) 163.

[24] M.H. Kim and M.J. Yu, Characterization of NOM in the Han
River and evaluation of treatability using UF-NF membrane,
Environ. Res., 97 (2005) 116.

[25] S.Mozia, M. Tomaszewska and A.W. Morawski, Studies on the
effect of humic acids and phenol on adsorption—ultrafiltration
process performance, Water Res., 39 (2005) 501.

[26] EK. Lee and V. Chen, A.G, Natural organic matter (NOM)
fouling in low pressure membrane filtration — effect of mem-
branes and operation modes, Desalination, 218 (2008) 257.

[27] C.Garcia, E. Rogel-Hernandez, SW. Lin and H. Espinoza-Gémez,
Natural organic matter fouling using a cellulose acetate copoly-
mer ultrafiltration Membrane, Desalin. Water Treat., 1 (2009) 150.

[28] E. Tipping and M. Ohnstad, Aggregation of aquatic humic
substances, Chem. Geol., 44 (1984) 349.

[29] AE. Childress and M. Elimelech, Effect of solution chemistry
on the surface charge of polymeric reverse osmosis and nano-
filtration membranes, J. Membrane Sci., 119 (1996) 253.



