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The adsorption of natural organic matter (NOM) from eight typical Chinese surface waters onto alumina
was investigated using quartz crystal microbalance with dissipation monitoring (QCM-D). The adsorbed
masses of NOM varied between 25ngcm—2 and 64 ngcm~2, and these showed significant correlation
with geographical location, and NOM character and concentrations. Adsorbed mass correlated with DOC
concentration (slope k=0.0676, R?=0.61) and hydrophobic acid (HoA) and weakly hydrophobic acid
(WHoA) (k=0.0342 and 0.0183; R2=0.49 and 0.52 for HoA and WHoA, respectively) constituents present

Z(?; ‘;v:l:gin in the water samples. The process of adsorbed layer formation was investigated from changes in the
Natural organic matter AD|Af ratio and viscosity of adsorbed layer with injected time. The adsorbed layer viscosity increased
QCM-D exponentially with injected time (R?>0.99) for most samples. Samples with low DOC concentration
Adsorbed layer (k=-1091.8,R%=0.55)and low content of HoA and WHoA (k= —524.33 and —322.76; R? =0.41 and 0.64 for

HoA and WHOoA, respectively), the slope of logarithm viscosity value is steeper, the property of adsorbed
layer and NOM is more inconsistent. The QCM-D technique provides a method to view the process of
complexation between NOM and coagulant, and can provide useful information to establish a quantitative

calculation model of the coagulation process.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The development of natural organic matter (NOM) removal
prediction models and automatic coagulation process control has
been reported by several researchers [1-5]. Edwards [1] and Kastl
et al. [6] established semi-empirical, nonlinear mathematical mod-
els that allow prediction of total organic carbon (TOC) removal
by coagulation in drinking water treatment. These models require
input parameters of coagulant type and dose, coagulation pH, raw
water TOC concentrations or UV absorbance at 254 nm. However,
development of a theoretical model that enables prediction of
NOM removal remains a difficult task partly because of the lack of
knowledge of the interface process between NOM and hydrolyzed
coagulants, such as alum.

To investigate the mechanism(s) and equilibrium parameters of
adsorption of NOM onto aluminum oxide-hydroxide, researchers
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have employed many methods, including batch experiments, AI3*
and Fulvic acid (FA) titrations, acid-base titrations, IR techniques,
etc. Browne and Driscoll [7], Jucker et al. [8] and Santhiya et al.
[9] used batch or column isotherm experiments to determine
the amounts of NOM adsorbed by comparing solution concen-
trations before and after adsorption. Based on zeta-potential and
acid-base titration measurements, researchers hypothesized that
electrostatic interactions and a ligand exchange process occur
simultaneously when humic acids adsorb onto a pre-formed floc
[7-9]. A correlation between removal efficiency and ionization of
NOM functional groups was found, and the removal of NOM gener-
ally increased with a greater number of functional groups and with
higher MW of NOM [10-14]. IR spectroscopy has also been used
to qualitatively identify key functional groups and to obtain the
structures of NOM interacting with coagulant hydrolysis product
surfaces [12,15].

Batch experiments can introduce significant uncertainties when
humic substances have low affinities to surfaces because of the
inherent low sensitivity in the determination of the adsorbed mass.
Due to the uncertainties in characterizing the surfaces that provide
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adsorption sites and with many unknown factors regarding nat-
ural organic adsorbates, few researchers have attempted to apply
surface complexation models to experimental data. Quartz crys-
tal microbalance with dissipation monitoring (QCM-D) is a useful
technique for low-affinity cases, as QCM-D can quantify relatively
low levels of adsorbed NOM (ng cm~2) in real-time monitoring [ 16].
Recently, the QCM-D technique was used in environmental studies
to detect the adsorption of organic compounds such as dispersants
[17,18] and bacterial extracellular polysaccharides to SiO, surface
[16,19] due to the high sensitivity of this technique.

In this paper, we report the application of the QCM-D technique
to investigate the adsorption of NOM on alumina. Eight surface
waters in China were selected based on their known qualities to
provide waters with NOM of different concentrations and char-
acteristics. Resin adsorption and high performance size exclusion
chromatography (HPSEC) were used to characterize the NOM, and
to investigate the effect of NOM characteristics on the adsorption
process.

2. Materials and methods
2.1. QCM-D experiments

QCM-D technology has been previously described [16,17,20,21].
AQCM-DE1 system (Q-Sense AB, Gothenburg, Sweden) was used to
examine the adsorption of NOM onto Al, O3 surfaces. QCM-D exper-
iments were preformed with 5 MHz AT-cut quartz sensor crystals
with Al;03-coated surfaces (Batch 081128-1). Prior to measuring,
the crystal was cleaned by submerging it into an aqueous solution of
anonionic surfactant (Sabopal LM7). It was then rinsed in deionized
water followed by ethanol and put in an ultrasonic bath for 10 min.
The crystal was rinsed again in deionized water, dried over flowing
nitrogen gas, and then exposed to UV/ozone for 10 min. The whole
procedure was repeated once again, and the crystals were subse-
quently put in sterile containers for future use. The temperature
of the measurement chamber was kept at 25+0.1°C. A baseline
was first established for deionized water, and then the sample was
injected, the changes in frequency and dissipation upon adsorption
at various overtones were monitored simultaneously throughout
the experiment.

A commercial software program (Q-Tools, Q-Sense AB, Gothen-
burg, Sweden) developed for QCM-D was used [22,23]. For the Voigt
Model, bulk density and bulk viscosity values were 1.0gcm3 and
0.001 Pass, respectively. The adsorbed layer density was presumed
tobe 1.0gcm™3.

2.2. HPSEC

The method of HPSEC was the same as reported by Wang et al.
[24]. A Waters liquid chromatography system consisting of the fol-
lowing components was used for the MW analysis: Waters 2487
Dual k Absorbance Detector, Waters 1525 pump system. Sepa-
ration was performed with a Shodex KW 802.5 column (Shoko
Co., Japan). The mobile phase was deionized water buffered with
5mM phosphate to pH 6.8, and 0.01 M Nadl, filtered through a
0.22 pm membrane, and then degassed for 30 min. The flow rate
was 0.8 mLmin~! and the injection volume was 200 pL. Calibra-
tion was performed using polystyrene sulfonate (PSS) standards
(Polysciences, USA)of MWs 1.8,4.2,6.5,and 32 kDa (Sigma-Aldrich,
USA), prepared at 1 gL~!concentration.

The MW profile was analyzed using a peak fitting software (Ver-
sion 4, Systat Software Inc.) to resolve peak components and the
peak area of each peak was used to provide quantitative character-
ization information [24,25].

2.3. Resin adsorption

Amberlite XAD-8, and XAD-4 were used to fractionate NOM
[26]. Water samples were pre-filtered using 0.45 pm pore size fil-
ter membrane to remove particles, and then ran through an XAD-8
packed Column L. The hydrophobic base and neutral (HoB&N) frac-
tions were absorbed by the resin. Column I was then backwashed
with 0.1 M HCl to release the hydrophobic base (HoB) fraction. The
hydrophobic neutral (HoN) fraction remained in the column. The
pH of the Column I effluent was adjusted to 2 with HCl before
reintroduction into Column I. The second effluent of Column I con-
tained weakly hydrophobic and hydrophilic fractions. The TOC of
the first effluent from Column I minus that of the second efflu-
ent gave the hydrophobic acid (HoA) fraction. The second effluent
from Column I was introduced into the XAD-4 packed Column II.
The TOC absorbed was the weakly hydrophobic acid (WHoA) frac-
tion, whereas the TOC of the effluent was the hydrophilic (HiM)
fraction. The columns were 3-cm-diameter and 30-cm-height glass
chromatographic columns with PTFE caps. A constant flow rate of
100 mLmin~! through each column was maintained using peri-
staltic pumps.

2.4. Analytical methods

TOC was analyzed using a Phoenix 8000 system (Tekmar-
Dohrman Co. USA). Dissolved organic carbon (DOC) was analyzed
after filtration through a 0.45 pum membrane. UVy54 was mea-
sured by a spectrophotometer (UV-vis 8500, China) after filtration
through a 0.45 pum membrane. SUVA is calculated as UV;s54 divided
by the mgL-! DOC concentration. Turbidity was measured using
a 2100N Turbidimeter (Hach, USA). Alkalinity was measured by
standard methods [27]. pH was measured using a pHS-3C pH meter
(Shanghai, China) calibrated daily using pH buffer solutions.

3. Results and discussion
3.1. Source water characterization

The eight surface waters used in this study were sourced from
the Songhuajiang River, Yellow River, Yangtze River and Pear River.
They are the four largest river systems running into Pacific Ocean,
and are located from north to east in China. Two water samples
were taken from each river system, one was from the main trunk
river and the other was from a tributary or an associated reservoir.
The geographic locations of the sources of water samples are shown
in Fig. 1.

e Songhuajiang River (SHJ, sampled from Harbin) and Mopanshan
Reservoir (MPS) are of the Songhuajiang river system, located in
northeastern China (latitude 44.0°-46.7°).

e Yellow River (YLW, sampled at Dongying City) and Herbei Reser-
voirs (HBR, ducted from reservoirs in the Hebei Province to
Beijing and sampled at Beijing) are of the Yellow River system,
located in northern China (latitude 37.5°-41.0°).

® Yangtze River (YZR, sampled at Nantong) and Qiantangjiang River
(QTJ, sampled at Xiaoshan) are of the Yangtze River system,
located in the midland of China (latitude 28.9°-32.6°).

¢ Beijiang River (BJR, sampled at Guangzhou) and Xihangdao Reser-
voir water (XHD, ducted from Xicun and Shimen reservoirs,
sampled at Guangzhou) are of the Pear River system, located in
southern China, (latitude 23.0°-23.2°).

Water quality parameters for the eight water samples are shown
in Table 1. These samples had turbidities ranging from 1 to 85
NTU, alkalinities from 31 to 171 mg/L, DOC concentrations from
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Table 1
Basic parameters of water quality for eight water samples.
Sample pH Alkalinity (mgL-1) Turbidity (NTU) DOC (mgL-1) UVss4 (cm™1) SUVA (m~'mg-'L) Location
SHJ? 7.93 84 30 413 0.0978 2.36 Northeastern
MPSP 7.46 31 0.75 437 0.1009 2.31
YLW? 7.94 173 5 3.80 0.0532 1.40 Northern
HBR® 8.04 120 1.9 2.14 0.0386 1.80
YZR? 7.88 94 45 2.11 0.0377 1.78 Midland
QTJ* 7.73 44 8 1.83 0.0306 1.67
BJR? 7.31 78 6 1.35 0.0313 2.32 Southern
XHD* 7.34 66 85 3.10 0.0876 2.82
2 Trunk river.
b Reservoir.
¢ Branch river.
1.4 to 4.4mg/L, UV,54 from 0.03 to 0.10cm~! and SUVA from 1.4 0.040 T
to 2.8 m~! mg~1L. Samples from MPS and HBR had lower turbidi- ——SHI —MPS
ties than samples from other sources, and this could be due to the 0.035 | | —YLW HBR
settling of particulate matter in waters of these reservoirs. Water —YZR —QT]
samples from northern China, YLW and HBR had the highest alka- 0030 | | ——BJR —XHD
linities with HBR being slightly lower than YLW. The alkalinities |
of samples from tributary rivers or reservoirs were slightly lower o 0.025 |
than corresponding main rivers. This could be due to faster water g /|\/\
flow in the main rivers with greater air interchange at the water = 0.020 |
surface. All eight samples had SUVA values below 40m~1mg-1L, = |
indicating these may be polluted to some degree and possibly by 2 0.015 F |
synthetic compounds. Paired samples from the Songhuajiang (SHJ w
& MPS) and Pear (BJR & XHD) River systems that have catchments 0.010 F |
that are well vegetated had higher SUVA. The samples from, SHJ & T
MPS had the highest DOC and UV,54 values. The samples from YLW 0.005 | ‘
& HBR had moderate DOC concentrations and UV,s4 absorbance. ﬁ_/"/\'/
Higher DOC, UV;s54, and lower SUVA of the YLW indicate that more 0.000 |
contaminants entered Yellow river than HBR. Paired samples were 100 1000 10000

collected from the YZR & QTJ and BJR & XHD locations in mid and
southern China where the climate is subtropical (humid and with
wet seasonal periods). Water resources are plentiful in these areas,
though these can be polluted by regional sewage outfalls and dis-
charge of other wastewaters due to increasingly intense urban and
industrial development in the areas.

The characters (MW and polarity) of NOM from the eight water
sources were investigated by HPSEC and resin fractionation. The
MW profiles are shown as the relative size of the absorbance

Fig. 1. The geographical locations of water samples (O is trunk river, A is branch
or reservoir; red is river, blue (MPS and HBR) is reservoir). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

the article.).

Molecular weight (Dalton)

Fig. 2. The distributions of molecular weight for the water samples.

70 RHiM  ®HoB&N
p EWHoA EHoA
50

40

30

Percentage (%)

SHT MPS YLW BJR XHD

HBR YZR QTJ

Fig. 3. The molecular polarity of NOMs in water samples, hydrophobic base and
neutral (HoB&N), hydrophobic acid (HoA), weakly hydrophobic acid (WHoA) and
hydrophilic matters (HiM).
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Fig. 4. The results of cluster analysis for the water samples based on NOM charac-
teristics fractionated by resin absorption.
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Fig. 5. Performances of NOM adsorption onto Al,0; monitored by QCM-D for the water samples.

signal normalized with the DOC concentration, shown in Fig. 2. The
MW profiles were analyzed further using peak fitting software, to
resolve peak components based on statistically ideal fits using var-
ious peak shapes [24] and the results are provided in supporting
information. The MW were highest in SHJ and MPS samples, with
percentages of MW > 1 kDa being up to more than 80%. This may
be due to relatively high humic substance content in the SHJ] and
MPS samples. In contrast QTJ and YLW had lower fractions of organ-
ics with MW > 1 kDa, where percentages of MW > 1 kDa were only
45.6% and 57.9%, respectively. The percentages of MW >1KkDa in
other four samples ranging from 71.2% to 74.3%.

The results of resin fractionation of NOM are shown in Fig. 3. The
data was analyzed using cluster analysis and the results are pro-
vided in Fig. 4. The resin fractionation results of SH] and MPS are
very similar, and contrast with the others. The percentages of the
summations of the HoA and WHOoA fractions in SH] and MPS were

the highest in all the water samples, and as high as 65%. YZR and BJR
are the two largest rivers in the mid and south of China, and resin
fractionation results of NOM from samples from these sources were
similar. Although QT]J is a tributary river, (located in the middle of
China), the results of resin fraction of organics from this water are
similar to those of YZR and BJR. Results of resin fractionation con-
ducted on water samples collected from HBR and XHD are similar,
even though XHD is located in southern China, and HBR is located
in northern China. It shows that the molecular polarity of NOM is
well correlated to its geographic location, and to the surrounding
catchment.

3.2. Adsorption features

The adsorptions of NOMs onto alumina were measured by QCM-
D for the eight water samples, and the curves of Af and AD at
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Table 2

119

Results of NOM adsorption onto Al, 05 for the eight water samples calculated using the linear Sauerbrey relation and the Vigot model.

Sample Arr‘Sauenery (ng/cmz) vaVoigt (nm) AmVoigt (ng/cmz)
Average n=3 n=5 n=7 n=9
SHJ 64 78 68 60 48 0.63 63
MPS 57 68 60 50 48 0.56 56
YLW 60 70 60 55 54 0.60 60
HBR 49 59 50 45 40 0.50 50
YZR 48 55 52 46 38 0.48 48
QTJ 39 44 44 36 32 0.38 38
BJR 25 30 26 26 18 0.25 25
XHD 37 45 40 32 30 0.35 35

four different overtones (n=3, 5, 7, and 9) are given in Fig. 5a-h,
respectively. To reduce noise, the value of Afand AD is presented
as average value with about 5s increment of injected time. With
NOM injected into the QCM-D, Afdecreased and AD increased from
the baseline [17,21,23]. Near steady-states of Afand AD values for
each water sample were obtained within 200-1000s.

The masses of NOM adsorbed onto Al, 03 were calculated using
the linear Sauerbrey relation at the four overtone values, and using
the Vigot Model (Table 2). The Voigt Model mass values of NOM
adsorption are in good agreement with the Sauerbrey mass average
values. Generally, for a non-rigid and viscoelastic adsorbed layer,
the Sauerbrey mass would be underestimated compared to a cal-
culated mass based on the Voigt Model. It thus indicates that the
layers of NOMs adsorbed onto Al,05 are relatively inelastic and
rigid, and the Sauerbrey equation should hold reasonably well for
estimating NOM adsorption.

The adsorbed masses of NOMs onto Al,03 vary between
64 ng cm~2 and 25 ng cm~2. Highest adsorbed mass values were for
samples from northeastern China (SHJ and MPS) followed by sam-
ples from northern China (YLW and HBR), then YZR and QT]J located
in midland of China and lowest adsorbed masses were for samples
from southern China (BJR and XHD). The adsorbed masses of NOMs
show a robust relationship with their geographical locations and
latitude, which decreases from north to south in China.

The correlation between adsorbed masses of NOMs onto Al,03
and water quality and NOM characteristics were studied and results
are shown in Fig. 6. These results show that the adsorbed mass of
NOM correlates with DOC concentration (k=0.0676, R? =0.61). This
finding is consistent with our previous research where HA adsorp-
tion and coagulation performance were studied [21]. The adsorbed

5.0
=0.0676x - 0.3158
©BOC  THoA Y *
R?=0.6051 () o
40 4 | AWHoA  *HoB&N \ g
K HiM

=
! o
’f,, 8.0 1 ; y = 0.0342x - 0.6948
2 y =0.0083x + 0.6436
£ R?=0.4924 (0)
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£ 20 -
£
=
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£ 10 |
&)
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Fig. 6. Results of linear analysis for the correlation between adsorbed masses of
NOM and molecular polarity.

mass of NOM shows correlation with NOM molecular polarity also,
where samples with higher content of HoA and WHoA, (and espe-
cially HoA) show higher adsorbed masses of NOM (k=0.0342 and
0.0183; R? =0.49 and 0.52 for HoA and WHOoA, respectively). In con-
trast, no apparent relationship was found between the adsorbed
mass of NOM and the content of HoOB&N and HiM. HoA and WHoA
are mainly soil fulvic acids, comprising <Cq aliphatic carboxylic
acids, polyfunctional carboxylic acids, 1- and 2-ring aromatic car-
boxylic acids, 1- and 2-ring phenols [28]. These kinds of molecules
can be adsorbed to alumina surface to a much larger extent. No
significant correlation was found between adsorbed mass of NOM
onto Al,03 and other water quality parameters, such as MW, pH,
alkalinity, turbidity, UV and SUVA.

3.3. Adsorbed layer characteristics

The AD/Afratio gives information on how much energy is dis-
sipated by a material for a unit change in the resonance frequency.
For example, a high AD/Af ratio corresponds to a relatively non-
rigid open structure whereas a low ratio corresponds to a rigid and
more compact structure where the adsorbed mass induces rela-
tively low-energy dissipation. Additionally, a change in the slope
indicates coverage-induced structural changes in the adsorbed
layer. A decrease in the slope is an indication that the layer has
become more rigid due to the increased packing density [22,23].
The plots of the value AD/Af against injected time at the third
overtone for the eight water samples are shown in Fig. 7. The
values of AD/Af increase with injected time and reach a plateau

0.5 =

0.5

04

04
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0.3

AD(1E-6)/ af

0.2
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Fig. 7. Changes of dissipation vs frequency with injected time at the 3rd overtone
for water samples.
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Fig.8. The adsorbed layer viscosities for the water samples. (a) Changes of logarithm
viscosity value vs injected time and (b) results of linear analysis for the correlation
between slope of logarithm viscosity and molecular polarity.

after a particular time for each water sample. This indicates that
the layer of adsorbed NOM becomes less rigid with injected time,
more absorbable matter is adsorbed earlier, and the layer is more
rigid.

The changes in the viscosity of the adsorbed layer with injected
time can be calculated by commercial software such as Q-Tools. It
was found that the viscosity increased approximately exponential
with injected time. The logarithm viscosity value versus injected
time increased linearly with injected time (Fig. 8(a) R%>0.99 for
the samples tested, except for BJR with R2=0.92). The slope of
logarithm viscosity reveals the process of adsorbed layer forma-
tion. When the slope is steeper (the viscosity increase is faster)
the property of adsorbed NOM and adsorbed layer is more incon-
sistent. The correlations between the slope and water quality and
with NOM characteristics were studied and the results are shown in
Fig. 8(b). The slope correlated with DOC concentration (k=-1091.8,
R%2=0.55), and the contents of HoA and WHoA (k=-524.33 and
—322.76; R2=0.41 and 0.64, respectively). For sample with lower
DOC concentration, and lower contents of HoA and WHoA, the
slope of the logarithm of the viscosity value was steeper. Cor-
relation between layer structure and the content of HoB&N
and HiM, MW, pH, alkalinity, turbidity, UV and SUVA were not
found.
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