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ABSTRACT: To obtain an environmentally friendly and efficient scale inhibitor, carboxymethyl quaternary ammonium oligochitosan
(CM-QAOC) was prepared from chitosan, which was depolymerized by nitrous acid, and then reacted with chloroacetic acid and gly-
cidyl trimethyl ammonium chloride via carboxymethylation and quaternization, respectively. The chitosan derivatives were character-
ized by Fourier transform infrared and NMR spectroscopy. The inhibition performance for CM-QAOC was evaluated by a
conductivity method and a static antiscaling test. The experiments demonstrated that CM-QAOC showed an excellent scale-inhibition
performance. With a Ca>* concentration of 240 mg/L, CM-QAOC at a concentration of 50 mg/L and pH 8.0 gave an antiscaling ratio
of more than 98%. So, CM-QAOC could be applied as an excellent antiscaling agent. Furthermore, a detectable fluorescence of CM-
QAOC solution was observed. To understand this interesting fluorescence phenomenon and to explore the probability of its being a
fluorescent tracer, the relations between the fluorescence intensities and CM-QAOC concentrations and the pH influence on the fluo-
rescence intensities were investigated. The results show the fluorescence intensities accorded well with the concentrations of CM-
QAOC with a detection limit of 0.6046 mg/L, and the fluorescence intensity was constant within pH 5-9; this indicated that it had
the potential of its being a fluorescent tracer. Thus, CM-QAOC could be applied as an antiscaling water-treatment chemical and as a
fluorescence tracer directly without any further modifications. It could be self-traced online and in real time with its own fluores-
cence, although more work should be done to investigate its fluorescent mechanism and its tracing properties in detail. © 2015 Wiley
Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42518.
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When a kind of water-treatment chemical is used to prevent the
formation of scales, the concentration of the water-treatment
agent in the water system must be controlled within a prescribed
range to maintain its ideal function with good efficiency. It is
hoped that the concentration of water-treatment chemicals can be

INTRODUCTION

In recent years, the consumption and pollution of industrial
water in China has increased significantly with the rapid devel-
opment of industries; this has intensified the shortage of fresh

water resources." To alleviate the problem, it is imperative to
add a variety of water-treatment chemicals into the water sys-
tems to economize water and inhibit damages such severe cor-
rosion and scaling.” A scale inhibitor is an important kind of
water-treatment chemical that is generally used in industrial
water systems. Phosphorus scale inhibitors are widely applied;
these include phosphonates, organic phosphorus-containing
polymers due to their high effectiveness,” but they cause sec-
ondary pollution and ecological imbalance in water. Therefore,
the development of natural products and their modified deriva-
tives as environmentally friendly green scale inhibitors has been
drawing the great attention of scientists and researchers.>®
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monitored accurately and in real time through a simple operation
over time. Inert fluorescent tracers have been used to determine
the amount of water-treatment chemicals in water systems.”” The
addition of inert fluorescent tracers should be proportional to the
dosages of water-treatment chemicals. By measuring the fluores-
cent signals of the fluorescent tracers with a fluorometer, one can
determine the concentration of the inert fluorescent tracers, and
the real-time concentration of water-treatment chemicals can be
traced indirectly. The advantage of fluorescent tracers is that they
can be measured online and in real time so that any variation in
the concentration of water-treatment chemicals can be traced
immediately.'® However, because of simple physical blending,
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Scheme 1. Depolymerization of the chitosan by NaNO, and AcOH and subsequent reduction by NaBH,.

extraneous inert fluorescent tracers can be easily separated from
the water-treatment chemicals, and this leads to some errors or
failures in the indication of changes in the concentration of inert
fluorescent tracers and fluctuations in the dosages of water-
treatment chemicals. Thus, to trace the concentration of water-
treatment chemicals more reliably and accurately, the preparation
of self-traced water-treatment chemicals that can produce fluores-
cence by themselves is a better solution.'"'?

Chitosan is a partially N-deacetylated derivative of chitin, which is
the second most abundant natural biopolymer and is derived
from the exoskeletons of crustaceans and also from the cell walls
of fungi and insects. Chitosan is an amenable molecule, and this
amenable polymer can be modified by chemical methods because
it provides plentiful functional groups such as —NH, and —OH
groups in its monomers."> Chitosan and its derivatives have been
well documented to have some advantageous characteristics,
including biocompatibility, biodegradability, nontoxicity, abund-
ancy, and low cost. As a result, chitosan and its derivatives have
already been widely applied in the pharmaceutical industry, cos-
metic industry, textile industry, biotechnologies, food processing,
paper making, and agriculture."*""” Meanwhile, because of their
nontoxic, biodegradable, and environmentally friendly properties,
chitosan derivatives are currently being explored intensively for
their applications in water and wastewater treatment, and various
modified chitosans have been applied as very important water-
treatment chemicals. Chitosan and crosslinked chitosan as adsorb-
ents have displayed outstanding removal capabilities for certain
metal ions.'®'® Carboxymethyl chitosan is an amphiprotic ether
derivative, which can prevent scale formation with chelation and
dispersion properties.”® Quaternized derivatives, such as N,N,N-
trimethyl chitosan and N-(2-hydroxyl)-propyl-3-trimethylammo-
nium chitosan chloride, are much more water soluble than
chitosan in a much broader pH range and show markedly improved

.. . e . . 21,22
antimicrobial activities in pH-regulated environments.

In this study, carboxymethyl quaternary ammonium oligochito-
san (CM-QAOC) was successfully prepared and characterized
by Fourier transform infrared (FTIR) spectroscopy and NMR.
The antiscaling performances of the modified chitosan were
evaluated with both the conductivity method and the static
antiscaling test. Weak but detectable fluorescence of CM-QAOC
was discovered. To explore its probability as a tracer for its own
concentration, the relation between the concentration and fluo-
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rescence intensity of CM-QAOC was studied. Then, the effect of
the pH value of the solution on the fluorescence properties of
CM-QAOC was also investigated.

EXPERIMENTAL

Reagents and Instruments

Chitosan (degree of N-deacetylation >95%, weight-average
molecular weight = 350 kDa, determined through an Ubbelohde
viscometer) was purchased from Jinan Haidebei Marine Bioen-
gineering Co., Ltd. (China). All other reagents, purchased from
Tianjin Fuchen Chemical Reagents Factory, were analytical-
reagent grade and were used without further purification.

IR spectra were obtained from samples in KBr pellets at a reso-
lution of 4.0 cm™ " over the range 4000-400 cm ™' with a Bruker
Vensor 27 FTIR spectrophotometer (Bruker, Germany) with a
deuterated triglycine sulfate (DTGS) detector. NMR spectra
were acquired on a Bruker AV 400 spectrometer (Bruker, Swit-
zerland). Oligochitosan (OC) was dissolved in D,0/CH;COOH
and CM-QAOC was dissolved in D,O as a solvent at 25°C. The
morphology and crystal lattices of scale were observed with an
S-4800N scanning electron microscope (Hitachi, Japan) under
3.0-kV voltages. Fluorescence spectra were collected with an F-
4500 fluorescence spectrophotometer (Hitachi, Japan). Fluores-
cence decay was measured on an FLS920 spectrometer (Edin-
burgh Instruments, Germany). UV absorption spectra were
measured with an Lambda 25 double-beam ultraviolet—visible
(UV=-vis) spectrophotometer (PerkinElmer) with deionized
water as a solvent. All pH measurements were made with a
model PHS-3C meter (Shanghai Rex Electric Chemical, China).

Synthesis

Degradation of Chitosan. OC was prepared by oxidative degra-
dation with sodium nitrite (NaNO,).>* In the depolymerization,
2-amino-2-deoxy-p-glucopyranose
nitrous acid’s attack to form reducing 2,5-anhydro-p-mannose
units, which were unstable (Scheme 1). To obtain a stable OC, a
reductive agent, sodium borohydride (NaBH,) was used to
reduce the 2,5-anhydro-p-mannose units with the resulting
product 2,5-anhydro-p-mannitol in this study. In a typical
method, a solution of NaNO, (0.2571 g in 10 mL of water) was
added dropwise to a solution of chitosan [3.0 g in 100 mL of
6% aqueous acetic acid (AcOH)] with constant stirring for
0.5 h. The reaction mixture was stirred for an additional 2.5 h

units deaminated under
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Scheme 2. Synthetic route for CM-QAOC.

at room temperature; then, the pH was adjusted with a sodium
hydroxide (NaOH) solution (4 mol/L) to pH 7-8. To the result-
ing mixture, portions of NaBH, (total =0.2828 g) were added
with the temperature maintained at less than 10°C. After the
addition of NaBH,, the solution was stirred overnight at room
temperature. The white yellowish solid was recovered by centrif-
ugation, washed several times with ethanol (80%), and dried
overnight in vacuo at 40°C. The obtained OC was characterized
by FTIR spectroscopy and 'H-NMR. The molecular weight of
the resulting OC was determined by the viscosity method. The
characteristic viscosity [n] of the OC solution was recorded at a
temperature of 25 £ 0.1°C in a mixing solvent of AcOH and
NaCl (0.1 : 0.2 mol/L). The viscosity-average molecular weight
(M,) was calculated with the Mark—-Houwink equation:

[n]=KM,"

where K is 1.81 X 107> and « is 0.93.>* K is the parameter
depended on temperature and o is the parameter related to
molecule weight. In our experiment, the mean molecular weight
of the degraded chitosan was about 18.3 kDa, and the intrinsic
viscosity was 16.7 cm’/g.

Preparation of CM-QAOC. Synthesis of CM-QAOC was carried
out according to some previously published procedures®* but
with several modifications. OC (3.00 g) was dispersed in an
NaOH solution (20%, 20 mL) under stirring at a low temperature
(T < 6°C) for 2 h. Chloroacetic acid (6.0 g in 10 mL of water) was
slowly added to the previous solution under stirring for 0.5 h. The
reaction mixture was allowed to react for an additional 3.5 h at
60°C. The resulting solution was adjusted to pH 67 with glacial
AcOH and poured into excess ethanol.”” The precipitate was col-
lected, washed with ethanol (80%), and dried in vacuo at 40°C to
obtain carboxymethyl oligochitosan (CMOC).

DSQ=

(Vi.agn0, — Voagno, ) X C/1000

CMOC (0.5 g) was dissolved in 10 mL of H,O. Glycidyl tri-
methyl ammonium chloride (1.41 g in 10 mL of water) was
dropped into the previous solution in two portions within a 1-
h interval. The reaction was carried out for 8 h at 80°C. After
the reaction, the clear yellowish liquor was poured into an ace-
tone/ethanol (1/1 v/v) mixture and left overnight in a refrigera-
tor.”” The precipitate was collected and dried in vacuo at 50°C
to obtain a pale yellow product, CM-QAOC, and then
characterized by FTIR spectroscopy and NMR. According to the
viscosity method mentioned in the Degradation of Chitosan
section, the intrinsic viscosity of CM-QAOC was 11.9 cm’/g,
and the mean molecular weight of CM-QAOC was approxi-
mately 12.7 kDa, as estimated. The synthetic route to CM-
QAOC is shown in Scheme 2.

Determination of the Degree of Substitution. The degree of
substitution of NH, or OH groups in OC with the carboxyalkyl
group (DSC) was determined by potentiometric titration.*®
DSC was calculated as follows:

DSC= 0.203 X (V3 naor — V1, 5201 ) X ( Cnaon /1) (1)
1—0.058 X (V3 naor — V1, 5201 ) X ( Cnaon /1)

where Cy,0n is the concentration of NaOH solution (mol/L),

Vo naon 1S the volume of NaOH consumed by redundant HCI

and —COOH (mL), Vin.on is the volume of NaOH con-

sumed by redundant HCl (mL), and m is the weight of

CMOC (g).

The chlorine content in CM-QAOC was measured by an
AgNO;s titration method to determine the degree of substitution
of NH, groups in OC with the quaternary ammonium group
(DSQ).” DSQ was calculated as follows:

where C is the concentration of AgNO; standard solution (mol/L),
Viagnos is the volume of AgNO; solution consumed by CM-
QAOC solution (mL), Vg agnos is the volume of AgNO3 solution

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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consumed in the blank test (mL), W is the weight of CM-QAOC
(g), M, is the molar mass of CMOC (g/mol), and M, is the molar
mass of CM-QAOC (g/mol).
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Evaluation of the Scale Inhibition Performances

Evaluation of the Scale Inhibition Performances by the Con-
ductivity Method. The conductivity method®®*' was carried
out with the following procedure: 44 mL of distilled water,
CaCl, solution (1.0 mL, 0.1000 mol/L), and a variable amount
of scale inhibitor were added to a 100-mL, three-necked flask
under stirring. Then, the flask was placed in a thermostatic
water bath at 30 £0.1°C. The solution was titrated with
Na,CO; solution (0.1000 mol/L). The titration solution was
added slowly, and the conductivity value was recorded. The
conductivity was proportional to the titer of the titrating agent;
thus, the initial point when scaling began to precipitate could
be determined by the conductivity value. The degree of supersa-
turation (S), which is defined as the ratio of the concentration
of crystallized product to the concentration of saturated prod-
uct, was calculated on the basis of the following equation:

§=[Ca*"] - [CO3 "] /K,p(CaCOs) (3)

where [Ca®"] and [CO%‘] are the individual calcium and car-
bonate ion concentrations when turbidity first occurs (mol/L)
and K,(CaCOs) is the ionic product of CaCOs.

The S values with a scale inhibitor present were compared to
those with the scale inhibitor absent under similar conditions. So
the relative degree of supersaturation values (S,) are expressed as
ratios of the supersaturation values of CaCOj in the presence of
a scale inhibitor (S,) to the supersaturation value in the absence
of a scale inhibitor (Sy) under the same conditions:

[ (4)

Antiscaling Evaluation of CM-QAOC by the Static Antiscaling
Inhibition Test. The scale inhibition efficiency was determined
with static antiscaling measurement in light of GB/T 16632-2008
(China) clauses. The process is as follows. Several equal portions of
0.1000 mol/L calcium chloride standard solution were placed into
a set of 250-mL volumetric flasks and then diluted to 100 mL with
deionized water. The scale inhibitor solution (0.5 g/L) was added
to each of the previous dilutions in doses, and these were subse-
quently shaken well. The pH values of these solutions were adjusted
to their setting points with a borax buffer solution. At last, the
bicarbonate standard stock solution (0.1000 mol/L) was rationed
pro rata with a ratio of 2 : 1 mol/mol to Ca®>" under shaking via a
burette. The mixture solutions were diluted to 250 mL with dis-
tilled water, shaken to ensure sufficient mixing, then transferred
into Erlenmeyer flasks, and immersed in a water bath at 50°C for
10 h. In addition, a blank experiment without scale inhibitor addi-
tion was carried out as a reference.”

The solutions were filtered after they were cooled to room tem-
perature. To understand the interaction between the scale com-
ponent and the inhibitor, CaCO; scales in every Erlenmeyer
flask were collected and observed via scanning electron micros-
copy (SEM). The Ca** concentration of the filtrate was titrated
with ethylene diamine tetraacetic acid (EDTA) titration. The
scale inhibition ratio (n; %) of the scale inhibitor was calculated
according to the following formula:

C1 - Cz

CO_CZ

n= X100% (5)
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where C;, C,, and C, are the concentrations of Ca>* in the test
solution after incubation in the presence of scale inhibitors, in
the absence of scale inhibitors, and before incubation (mg/L),
respectively.

Investigation of the Fluorescence Properties

OC or CM-QAOC was dissolved first as sample and then
diluted with deionized water or phosphate buffer solvent to the
set concentrations. The sample solutions were finally placed in
the dark to equilibrate overnight at room temperature.

Absorption spectra were recorded on a PerkinElmer Lambda 25
double-beam UV-vis spectrophotometer at a scan rate of
120 nm/min with a slit width of 1 nm. The fluorescence spectra
were acquired on a Hitachi F-4500 fluorophotometer with an
excitation source of a 150-W xenon arc lamp at a scanning rate
of 240 nm/min, a voltage of 700 V, and a width of 10 nm for
both excitation and emission slits. The fluorescence decay of the
sample in 100 mg/L aqueous solution was measured on an Edin-
burgh Instruments FLS920 spectrometer with a nanosecond flash
lamp as an excitation source, a double-excitation monochroma-
tor (1800 lines/mm), an emission monochromator (600 lines/
mm), and a semiconductor-cooled Hamamatsu model RMP928
photomultiplier tube. The excitation wavelength was 250 nm,
and the emission wavelength was 450 nm. The fluorescence decay
was collected with a time-correlated single-photon counting
method. We recorded the instrumental response function under
the same conditions at the excitation wavelength by replacing the
sample with a scattering solution of colloidal silica (Ludox). The
fluorescence intensity decay was analyzed with the system soft-
ware (F900) of an Edinburgh Instruments FLS920 spectrometer.

RESULTS AND DISCUSSION

Characterization of OC and CM-QAOC

FTIR and NMR Analysis. Figure 1 shows the FTIR spectra of
raw chitosan [Figure 1(A)], OC [Figure 1(B)], CMOC [Figure
1(C)], and CM-QAOC [Figure 1(D)]. The characteristic absorp-
tions of chitosan and OC at 3400cm™' (Vo and vn_p);
2924 cm™ ' (Ve—p); 1655, 1565, and 1384 cm™ ' (dy—y and
dc—n); 1050 and 1152 em ™! (Ve—o—c); 1030 and 1080 cm !
(Ve—o), and 895 cm ™' (B=d¢_y) were easily identified. Com-
pared with raw chitosan, the spectra of OC was almost
unchanged except for the intensity of a few peaks. Moreover,
the peak at 895 cm™ ', due to the end-group epimeric B—8c—,
proved that the basic structure of chitosan chains was not
destroyed by the degradation process.”> CMOC presented a
strong and wide peak at 1602 cm ™' due to the C=0 stretching
peaks of COO~ and an enhanced C—O stretching band at
1074 cm™'; this verified that a high carboxymethylation of OH
and —O—CH,COO "~ groups had been formed.** In addition,
the C—N stretching band at 1325 cm™' became more intense,
and the —NH, deformation vibration peak at 898 cm ™' weak-
ened; this verified that N-carboxymethylation occurred. In the
spectra of CM-QAOC, the NH, scissoring peak at 1599 cm ™'
weakened, and a —CHj; deformation vibration band at
1478 cm™ ' appeared; this indicated that the quaternary ammo-
nium groups were successfully grafted onto OC molecules.” In
conclusion, from the FTIR spectroscopy, we observed that
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Figure 1. FTIR spectra of (A) chitosan, (B) OC, (C) CMOC, and (D)

CM-QAOC. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

carboxymethyl and quaternary ammonium groups were success-
fully introduced onto the OC molecules.

Figure 2(A) shows the 'H-NMR spectra of OC and CM-
QAOC.”” The protons of C(1)-C(6) in the repeating units of
glucosamine in CM-QAOC presented very similar chemical
shifts to those shown in OC. The peaks at & =4.40 and 2.40
ppm were attributed to H-1 and H-2, respectively, and those at
8 = 3.45-3.82 ppm were attributed to H-3 through H-6. The e-
CH, peak at 8 =4.15 ppm indicated the carboxymethylation of
OH-6 or OH-3. The a-CH, peak of the secondary amine, the b-
CH peak, and the ¢-CH, peak were indicated at & = 2.63-2.80
ppm, 8 =4.15-4.01 ppm, and 8 =3.27 ppm, respectively.
Remarkably, there was a new intense d-CHj; peak at & 3.07
ppm; this indicated well the synthesis of CM-QAOC.

Figure 2(B,C) show the 'H-"H correlation spectroscopy (COSY)
and 'H-'*C heteronuclear single-quantum coherence (HSQC)
spectral patterns of CM-QAOC. The carbon signals of
3(C) =102.5, 78.3, 75.0, 70.3, 63.7, and 63.2 ppm, which could
correlate with 8(H) = 4.40, 3.56, 3.49, 3.82, 3.45, and 2.40 ppm,
respectively, were assigned to C-1, C-4, C-5, C-3, C-6, and C-2,
respectively, on the repeating unit of glucosamine.’® The correla-
tions of 8(C) = 64.8 ppm and 8(H) = 4.15 ppm and &(C) = 66.5
ppm and 8(H) =4.15 ppm were assigned to the e-CH, of the
carboxymethyl group, which substituted on OH-3 and OH-6,
and the correlation of 8(C) = 54.3 ppm and §(H) = 3.61 ppm was
assigned to e-CH, of carboxymethyl group substituting on
NH,.*”*® The strong signal appearing at 8(C) =543 ppm and
O(H) = 3.07 ppm was assigned to d-CHj of the quaternary ammo-
nium group. The &(C) = 64.8 ppm and &(H) =4.15 ppm and
3(C) =64.8 ppm and 8(H) =4.02 ppm correlation signals were
assigned to b-CH of the quaternary ammonium group, whereas
the 8(C) = 51.6 ppm and 8(H) = 2.80 ppm and &(C) = 51.6 ppm
and 8(H) = 2.63 ppm signals were assigned to a-CH, of the sec-
ondary amine.’® With regard to the COSY spectrum, the correla-
tion between §(H) = 4.40 ppm and 8(H) = 2.40 ppm confirmed
that these two protons belonged to C-1 and C-2, respectively. The
correlations of 8(H)=4.15 ppm with 8(H)=2.63 ppm and
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8(H) = 3.27 ppm confirmed that the signal of protons on b-CH,
appeared at d(H)=4.15 ppm. Because the e-CH, peak also
appeared at 3(H) =4.15 ppm, we reasonably speculated that the
signals of the protons on e-CH, and b-CH, overlapped.*

Determination of the Degrees of Substitution. DSC and DSQ
were determined by potentiometric titration and complexomet-
ric titration, respectively, and are shown in Figure 3. From the
potentiometric curve in Figure 3(A-i), titration end points were
determined with the second partial derivatives [Figure 3(A-ii)].
Vinaon reveals the volume of NaOH titrant consumed by
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Figure 2. (A) 'H-NMR spectra of (a) OC and (b) CM-QAOC, (B) H,H-
COSY of CM-QAOC (F1, F2: chemical shift of 'H), and (C) HSQC of
CM-QAOC (F1: chemical shift of '>C; F2: chemical shift of 'H).
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Figure 3. Titration results for the determination of the degree of substitution: (A-i) potentiometric titration curve, (A-ii) second partial derivative calcu-

lation, and (B) complexometric titration curve (Vy,om: the consumption volume of NaOH solution; Vygnos: the consumption volume of AgNO; solu-

tion). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

redundant HCl, V, .o reveals the volume of NaOH titrant
consumed by redundant HCl and —COOH, and V;n,0p reveals
the volume of NaOH titrant consumed by redundant HCI,
—COOH, and —NH,. Calculated with eq. (1), DSC was 1.04.
In view of the titration diagram shown in Figure 3(B), Vi agnos
is the titrant volume of the AgNO; solution at the minimum
conductivity, and as calculated according to the eq. (2), the
DSQ value was 0.75.

Evaluation of the Scale Inhibition Performances
Conductivity Method. It is well known that nucleation is the
first step in precipitation, and this holds true for the scaling

1000 A
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E
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2
©
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0 1 5

2 3
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deposit as well. S is a key point in homogeneous nucleation.
When the ion product is beyond this point, the homogeneous
nucleation rate increases suddenly, and this results in precipita-
tion and scaling. So, the antiscaling efficiency can be evaluated
by S, which is expressed as the ratio of S, to the value of S,.
The higher the S, value is, the harder it is to form a precipitate.
As a result, the scale inhibition efficiency is better.*’

With regard to this study, the diagram in Figure 4(A) shows the
titration results of the solutions containing different dosages of
scale inhibitor at 30°C. In the absence of CM-QAOC, the titra-
tion volume of Na,CO; when the conductivity suddenly
2.0

1.9

1.8

1.7

1.6
Sr 15 B
1.4

1.3

1.2
111/

10 . " 1 L 1 s 1 L 1 N 1 " 1
0 10 20 30 40 50 60

scale inhibitor (mg/L)

\
\

T T
\‘-.

Figure 4. (A) Titration diagram for solutions in the presence and absence of a scale inhibitor and (B) dependence of S, of CaCO; on the concentration

of the scale inhibitor (Vig,co,: titration volume of Na,COj; solution). [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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Table I. Effects of the CM-QAOC Dosage on the Scale Inhibition Ratio

CM-QAOC dosage at Scale inhibition

pH 8.0 (mg/L) ratio (%)
10 70.2
30 74.8
40 87.2
50 98.5
60 98.7

decreased was 0.85 mL, as shown in the diagram. At this critical
point, solution opalescence was noticed, and a rapid CaCO;
precipitation appeared simultaneously, meanwhile, the conduc-
tivity decreased rapidly within a few minutes. A linear relation-
ship between the conductivity and concentration was shown
again with further titration. In the presence of CM-QAOC at a
concentration of 50 mg/L, solution opalescence was noticed at a
titration volume of 0.85 mL but without the occurrence of pre-
cipitation until the titration volume was 2.0 mL. So, the bound-
ary volume of Na,CO; consumption was 2.0 mL. According to
eq. (3), the values of S, and S, of 50 mg/L. CM-QAOC were 895
and 1722, respectively. There was an apparent difference in S
when CM-QAOC was present and absent; this implied that
CM-QAOC inhibited the carbonate scales very effectively.

The dependence of S, on the concentration of CM-QAOC is
presented in Figure 4(B). As shown in Figure 4(B), S, increased
with an increasing dosage of CM-QAOC. When the concentra-
tion of CM-QAOC was above 50 mg/L, a further increase in the
dosage caused a smaller increase in S, Thus, the optimal dosage
of CM-QAOC was 50 mg/L as the scale inhibition efficiency
showed no significant improvement exceeding this value.

In conclusion, the conductivity method showed that calcium
carbonate scales could be inhibited very effectively by CM-
QAOC, with the optimal dosage being 50 mg/L. The excellent
carbonate scale inhibition performance was probably due to the
fact that CM-QAOC could make the crystal particles disperse,
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and the solubility of calcium carbonate increased; this caused
an increase in S of calcium carbonate. As a result, the precipita-
tion progress was inhibited at the nucleation step.

Static Antiscaling Method. Many factors influence the scale
inhibition efficiency, including the dosage of scale inhibitor,
Ca®>" concentration, pH value, experimental temperature, and
duration. In this study, various experiments were designed to
study the impact of the inhibitor dosage and pH values on the
antiscaling performances.

The effect of the CM-QAOC dosage on the scale inhibition effi-
ciency to CaCOj scales is shown in Table I. The results indicate
that the scale inhibition ratio rose dramatically with an increas-
ing dosage of CM-QAOC from 10 to 50 mg/L. The scale inhibi-
tion ratio was reached above 98% when the dosage of CM-
QAOC was 50 mg/L with a Ca®" concentration of 240 mg/L
and remained stable above 50 mg/L. In addition, the variation
of the scale inhibition ratio shown in Table I followed a similar
trend to the relative change of supersaturation shown in Figure
4(B); this indicated that these two appraisal methods are
consistent.

CM-QAOC contains carboxyl, hydroxyl, and amino groups.
These active groups could bind Ca®" to form chelates in solu-
tion, which could be adsorbed on the surfaces of the scales. The
bonding strength disordered the normal lattice structure of the
calcium carbonate crystals; this was helpful for scaling to dis-
solve to Ca®*. With increasing inhibitor dosage, the number of
bonds formed between the inhibitor and Ca®" increased too;
this resulted in an improvement in the inhibition efficiency.*"*>
When the concentration of the inhibitor was beyond the opti-
mal value, the inhibitor exhibited an obvious threshold effect;
this meant that when the concentration of the scale inhibitor
exceeded a certain value (50 mg/L in this study), the inhibition
efficiency did not increase obviously.*?

The comparisons of the scale inhibition between CM-QAOC
and some other green scale inhibitors are listed in Table
113242447 From the table, one can see that CM-QAOC had a

Table II. Comparison of CM-QAOC’s Scale Inhibition Efficiency with Other Scale Inhibitors

Total calcium Inhibition Concentration
Scale inhibitor (mg/L) efficiency (%) (mg/L) Reference
CM-QAOC 240 98.5 50
Copolymer modified chitosan 240 95.62 200 44
Poly(epoxysuccinic acid) 500 >95 31.2 42
Poly(aspartic acid) 500 80 12 32
Collagens modified by multialdehyde 45
acid compounds
1 250 61 35
2 — 78 =
3 — 93 —
4 — 89 =
Fig leaf extract — 85 75 46
Low-phosphorus maleic acid and 98 98.56 16 47

sodium p-styrene sulfonate copolymer
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Figure 5. SEM pictures of CaCO; (a) without and (b) with CM-QAOC.

better scale inhibition efficiency but a far lower optimal concen-
tration than a maleic anhydride—styrene sulfonic sodium-acrylic
amide polymer modified chitosan and fig leaf extract***® and a
similar inhibition efficiency to modified collagens and polyepox-
ysuccinic acid but a little higher optimal concentration.***> The
reason was probably that CM-QAOC had more groups and a
more advantageous configuration but less crosslinking structures
than the polymer-modified chitosan or collagens for binding
with the scaling components. In addition, because quaternary

ammonium is a cationic group, which is beneficial for chitosan
to be adsorbed on CaCOj; crystal particles for inhibiting the
growth of crystals, CM-QAOC was better than the polymer-
modified chitosan and some other green polymer scale inhibi-
tors. At the same time, it had a lower inhibition efficiency and
a higher optimal concentration than the phosphorous polymer
scale inhibitor.*” However, with regard to eutrophication caused
by phosphorous polymers and the refractory of other synthetic
polymers, CM-QAOQOC is a promising antiscalant.

A @) EX : CM-QAOC
( ) Ex : OC (B)
UV : CM-QAOC
=
o
[ —
@2
=
@
=
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; . . o
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Figure 6. (A) Fluorescence spectra of OC (red) and CM-QAOC (black) and UV-vis spectra of CM-QAOC (blue) at a concentration of 50 mg/L in H,O:
(a) excitation spectra emitted at 460 nm (Ex: the excitation spectra when the emission wavelength was 460 nm) and (b) emission spectra excited at

380 nm (EX: the emission spectra when the excitation wavelength was 380nm). The blue emission came from CM-QAOC under 365-nm irradiation. (B)

Decay curves of CM-QAOC: (O) experimental curve and (-) curve fitted according to I=1I,+ A exp[—(t— tp)/t]. (I: the fluorescence intensity when

t=t; Ip: the fluorescence intensity when t=ty; A: the amplitude of the fitted function; t: time; t: fluorescence lifetime) For the interpretation of the refer-

ences to color in this figure legend, the reader is referred to the Web version of this article. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 7. Emission spectra of CM-QAOC at different concentrations in

H,O. The wavelength of excitation was 380 nm. The inset shows the cali-
bration curve. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

SEM Pictures of the Calcium Carbonate Scale. To obtain a
better understanding of the impact of CM-QAOC on CaCO;
crystallization, the CaCOj crystals scaling from the static anti-
scaling experiments were collected and observed by means of
SEM. As shown in Figure 5, without CM-QAOC, the CaCO;
crystals showed a calcite structure with a glossy surface, a regu-
lar shape, and a compact structure [Figure 5(a)]. On the other
hand, after CM-QAOC was added, the resulting CaCO; scale
displayed irregular and cascade patterns with obvious floppy
accumulation [Figure 5(b)]. On basis of the analyses for the
SEM diagram, we speculated that the functional groups, such as
carboxylate, hydroxyl, and amino groups, had chelating and dis-
persion abilities to the metal ions; this interfered with the for-
mation of crystals, and the growth of the crystalline cold not be
in strict accordance with the normal lattices; at last, irregular
shapes (flowers and cascades) appeared in loose structures.*®
Consequently, the scales could be washed away freely with
water.

Fluorescence Properties of CM-QAOC

Figure 6(A) shows the excitation and emission fluorescence
spectra of CM-QAOC and OC. CM-QAOC presented two exci-
tation bands at 250 and 380 nm and an emission band at
450 nm. In comparison with CM-QAOC, OC showed very weak
fluorescence bands. These results indicate that some special flu-
orescent components or favorite configurations appeared in the
structure of CM-QAOC. The reasons for this may have been the
introduction of some functional groups, such as carboxyl or
quaternary ammonium groups. These functional groups can
achieve an n—m* transition by p-m conjunction between
—C=0 and —NH—; this is the precondition of fluorescence in
these molecules. Furthermore, hydrogen bonding, which can
make the molecular structure rigid, could be formed between
—C=0 and —NH—. With the existence of quaternary ammo-
nium groups, the charge—charge repulsion could cause molecu-
lar expansion and make the functional groups crowded; this
tended to make the molecules form a dense network structure.
In acidic conditions, the secondary amine could be protonated,
and this could make the molecules more crowded. So, we
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deduced that the fluorescence intensity was stronger under
acidic conditions. Thus, in one word, the hydrogen bonding
and the charge—charge repulsion made a rigid and densely stabi-
lized structure, which is necessary for inducing fluorescence.
Hence, the fluorescence of CM-QAOC may have been caused by
the effect of the n—n* transition between —C=0O and —NH—
and the special rigid structure formed by hydrogen bonding and
charge—charge repulsion.*’

Furthermore, in the absorption spectrum of CM-QAOC, there
were no correlation absorption bands appearing at the positions
of the excitation bands. The phenomenon of weak absorption
but strong fluorescence is rare in organic luminescent com-
pounds. The absence of conjugated structures on the polymer
may account for the low absorptivity. Similar fluorescence phe-
nomenon is also observed from NH,-terminated, OH-
terminated, and carboxylate-terminated polyamidoamine den-
drimers and from NH,-terminated polypropylene
dendrimers.*>*°

imine

In time-resolved measurements, the fluorescence decay of
CM-QAOC was fitted well by a single-exponential function
[Figure 6(B)]; the lifetime was determined to be 1.91 ns, and y*
(Goodness of Fit) was 1.006. This indicated that it was reasona-
ble to determine that CM-QAOC had one fluorescence lifetime.
The lifetime was similar to that of Rhodamine B (1.75 ns in a
water solution), a common reagent used in fluorescence tracer,
and the second lifetime of G-5.5-carboxylate-terminated polya-
midoamine (1.91 ns in methanol).**!

This fluorescent properties showed the unique aspects of CM-
QAOC and could probably be used in its characterization and
tracing applications. During the fluorescent quantitative analysis
that is necessary for the tracer technology to determine the
water-treatment chemical concentration, the fluorescence inten-
sity should be proportional to the concentrations of the samples
and should exhibit good reproducibility. In our experiments,
the relationship between the fluorescence intensity and the con-
centration of CM-QAOC was investigated. The emission spectra
of CM-QAOC (with concentrations of 5, 15, 25, 50, and

pH 2100

L ]
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400
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Figure 8. Fluorescence emission spectra of CM-QAOC (50 mg/L) at dif-
ferent pH values. The inset shows the pH-dependent fluorescence inten-
sity. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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100 mg/L) were measured with an excitation wavelength of
380 nm. As shown in Figure 7, the results indicate that the fluo-
rescence intensity increased with increasing CM-QAOC concen-
tration from 5 to 100 mg/L. A good linear relationship was
presented between them, and the correlation coefficient was sig-
nificant at 0.99. The detection limit of CM-QAOC (30/K, o is
the variance and « is the slope)®® was obtained at 0.6046 mg/L
when the CM-QAOC concentration was in the range 5-100 mg/
L. So, the fluorescent quantitative analysis was achieved and
could be used to detect the concentration of CM-QAOC in
H,O. Therefore, CM-QAOC could be used not only as a scale
inhibitor but also as a tracer, and on top of that, it was a kind
of self-traced agent to determine its own concentration with the
fluorescence induced by itself.

The changes of the fluorescent properties of CM-QAOC in a
phosphate buffer solvent at different pH values are depicted in
Figure 8. As shown in Figure 8, CM-QAOC showed significant
pH-dependent fluorescence properties in the pH range from 12
to 1.5. The emission intensity rapidly increased with decreasing
pH values from 5 to 1.5. When the pH decreased from 9 to 5,
there was little change in the emission intensity. However, when
the pH was above 9, a rapid decrease in the fluorescence inten-
sity appeared again. The emission band position was scarcely
changed in the pH range from 12 to 5, whereas it showed a
blueshift from 450 to 423 nm in the pH range from 5 to 1.5.
Some assumptions can be provided to explain the previous phe-
nomenon: (1) below pH 5, the protonation of amine and car-
boxyl groups filled the whole reticular interior with cations, and
the strong charge—charge repulsion made the structure of CM-
QAOC more rigid, and (2) the strength of hydrogen bonds in
the CM-QAOC structure was enhanced under acidic conditions;
this could also account for the blueshift of the fluorescence
spectra.”>* It is common that industrial recirculated cooling
water is likely neutral or weakly alkalinic, with a pH value of 7—
9. Thus, it can be suggested that when CM-QAOC is used in
industrial recirculated cooling water systems, the fluorescence
intensity and emission band position will scarcely change under
normal routine operations. If the fluorescence intensity weakens,
this would imply that an agent in the water system is probably
needed because it has been consumed or the water chemistry
has changed to be corrosive (pH < 5) or easily scaled (pH >9)
in the water system.

CONCLUSIONS

CM-QAOC was prepared successfully from depolymerized chi-
tosan via carboxymethylation and quaternization. CM-QAOC
had excellent inhibition ability against CaCO; scaling, as eval-
uated by the conductivity method and static test. With a Ca**
concentration of 240 mg/L, a pH value of 8.0, and a CM-
QAOC dosage of 50 mg/L, the inhibition ratio for calcium car-
bonate scaling reached above 98%. The SEM images showed
that the calcium carbonate scale was porous and floppy in the
presence of CM-QAOC, and the scales could easily flow away
with water. In addition, we found that CM-QAOC was pos-
sessed of detectable fluorescence with the introduction of car-
boxymethyl and quaternary ammonium groups. The
fluorescence intensities accorded well with the concentrations
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of CM-QAOC with the detection limit of 0.6046 mg/L; the fluo-
rescence intensity was constant at pH 5-9, while it showed
apparent changes out of this pH range. This interesting phe-
nomenon has not been reported by other researchers as far as
we know, and its novel fluorescent properties could make this
an excellent scale inhibitor furnished with built-in or latent self-
traced and tracing functionalities without any further modifica-
tion or composition with any fluorescent groups or agents. To
better gauge its functional tracing potential, its fluorescent
properties and compatibilities with other water-treatment chem-
icals under various conditions in water systems should be stud-
ied in further research. In addition, the fluorescence mechanism
should also be studied seriously in future research.
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