CHAPTER I
RECOVERY OF POLYELECTROLYTE FROM
POLYELECTROLYTE-ENHANCED ULTRAFILTRATION (PEUF)
BY CRYSTALLIZATION PROCESS:
EQUILIBRIUM PRECIPITATION AND OPTIMIZATION



ABSTRACT

Polyelectrolyte-enhanced ultrafiltration (PEUF) is an effective process, which
can be used to remove chromate in wastewater. In the process, a water-soluble
cationic polyelectrolyte, poly(diallyldimethylammonium chloride), is added to the
wastewater containing chromate anions. The chromate will bind or adsorb onto the
polyelectrolyte. The solution is then forced to pass through the ultrafiltration
membrane which has a pore size small enough to reject the bound polyelectrolyte
and chromate ions. The solution passing through the membrane (permeate) is
relatively pure water which can be directly distributed to the environment. The
PEUF process has potential to be more economical than other competitive methods
because it is a low-energy separation method and it results in a very low volume of
ultimate waste in the form of a barium chromate wet cake. In this study the retentate
solution, which does not pass through the membrane, can be treated to separate the
polyelectrolyte and chromate ions to permit the polyelectrolyte to be reused. To
regenerate polyelectrolyte, a barium chloride solution is added to precipitate the
chromate out from the retentate stream as barium chromate. The optimization of an
integrated design of ultrafiltration and crystallization unit operations is studied by
using the equilibrium precipitation results.



INTRODUCTION

Polyelectrolyte-enhanced ultrafiltration (PEUF) (1-17) is a useful separation
process for removing solutes species from water. This process requires the addition
of a soluble polyelectrolyte with opposite charge of the target ions or molecules to
the feed stream to hind with low molecular weight solutes, followed by ultrafiltration
to produce a filtrate (permeate) containing a very low concentration of the target
molecules or ions compared to a concentration in the feed stream. The
polyelectrolyte and bound ions or molecules, which not passing through the
membrane, is called retentate. In the previous work (1, 2), the removal of a toxic
heavy metal chromate anion (CrC>42) by PEUF process using the cationic
polyelectrolyte, poly(diallyldimethylammonium chloride) or QUAT over wide range
of chromate and QUAT concentrations, as well as different concentrations of sodium
chloride, was investigated. The high rejection (99%) and a substantial reduction in
rejection with added sodium chloride were observed (1). In order to obtain the high
water recovery (permeate/feed ratio), the retentate must have a high QUAT
concentration (approximately one-third or one half of the gel concentration) (2).
Therefore, for an economic issue, the effective method is required to recover the
polyelectrolyte for reuse and to separation chromate anions for disposal

To regenerate the polymer, barium chloride is added to the retentate
containing the QUAT and chromate in high concentrations The chloride ion will
reconstitute the polyelectrolyte with its chloride counterion and chromate will be
separated out as a compact barium chromate waste (3-5), which settles out, so that
inexpensive gravity settling is feasible The PEUF process can be further developed
by adding a regeneration unit (crystallizer) for continuously recovering
polyelectrolyte as shown in Fig 1

In addition, the results from the batch field test at Elizabeth City Coast Guard
Base, North Carolina supported the feasibility of developing a large scale continuous
process to treat industrial wastewater and groundwater containing chromate and
sulfate, producing a purified aqueous permeate and a compact barium chromate and
barium sulfate (3-5). The equilibrium quantities of chromate and barium in
supernatant, amount of barium chromate solid or chromate removed, and amount of



added barium chloride at different degrees of purity can be calculated by modeling
(4). A set of simultaneous equations consisting of equations of solubility product of
barium chromate and charge bhalances was modeled.

In this study, the effects of chemicals, which are QUAT concentration,
harium to chromate concentration ratio, and sodium chloride concentration on the
equilibrium precipitation of barium chromate, were investigated in laboratory scale
experiments. The amount of added barium chloride, amount of barium chloride
remained in the purify water, the optimum condition of the integrated PEUF and
recovery processes were predicted from a processing engineering calculation base on
the equilibrium precipitation results obtained from this study and the PEUF results
obtained from the previous work (2), hefore starting up the integrated operation.



EXPERIMENTAL

M aterials

Poly(diallyldimethylammonium chloride) or QUAT having an average
molecular weight of approximately 240,000 Daltons was supplied by Calgon
Corporation (Pittsburgh, PA) and has the trade name MERQUAT® The empirical
formula of the repeating unit of the polymer is (H2C=CHCH2)2N(CH3)2CL The
polyelectrolyte was purified using a 10,000 Daltons molecular weight cut-off, spiral
wound membrane in order to remove the lower molecular weight components as had
been done in studies of the ultrafiltration step in PEUF studies (1, 2). A stirred cell
equipped with a 10,000 Daltons molecular weight cut-off SpectrumIM cellulose
acetate (type C) ultrafiltration membrane from Spectrum Medical Company
(Houston, TX) was used to concentrate the purified polymer solution up to the
desired polymer concentration for preparing stock solutions Sodium chromate,
barium chloride dihydrate, and sodium chloride were analytical grade (purity of
99%) supplied by Reidel-DeHaen (Seelze, Germany), Merck (Darmstadt, Germany),
and Carlo Erba (Milan, Italy), respectively. Silver nitrate (99 8%) supplied from
Merck (Darmstadt, Germany) was used to prepare the titrant to double check
polyelectrolyte concentration obtained from total organic carbon or TOC
measurement Sym-diphenylcarbazide supplied from Fluka (Buchs, Switzerland),
ethyl alcohol (99 8%) obtained from Carlo Erba (Milan, Italy), and acetic acid
obtained from J.T. Baker (Phillipshurg, NJ) were used to prepare the sym-
diphenylcarbazide solution to form complex with chromate anion giving a violet
color for UV/V1S measurement. All chemicals were used as received Deionized and
distilled water was used to prepare solutions

Methods

The equilibrium precipitation was studied by precipitating chromate with
barium chloride at the controlled temperature of 30°C. The initial solutions of sodium
chromate, barium chloride, QUAT and sodium chloride were prepared at 30 C for



11

equilibrium precipitation studies in the presence and in the absence of added salt.
The equilibrated initial solutions were mixed together at several different
concentration ratios to investigate the effect of chemical species involved in
precipitation. The mixed solution was equilibrated until it reached equilibrium. After
centrifuging at 2000 rpm for 10 minutes by a Centrifuge 4236 (A.L.C. International,
Milan, Italy), the supernatant was separated by filtration and was analyzed for
chromate and QUAT concentrations. Additionally, the optimum conditions between
both PEUF and recovery processes were obtained by engineering calculation from
the equilibrium precipitation data.

Analysis

The supernatant solutions were analyzed for chromate concentration using
UVIVIS spectrophotometer (Perkin Elmer, Lamda 16, Uberlingen, Germany) at
wavelength 541.2 nm after complexation with sym-diphenylcarbazide. Sym-
diphenylcarbazide reagent was prepared by dissolving 0.1 g sym-diphenylcarbazide
in 50 mL ethyl alcohol and adjusted to 250 mL by adding 10% acetic acid aqueous
solution. A Shimadzu TOC-5000A total organic carbon (TOC) analyzer (Kyoto,
Japan) was used to determine the QUAT concentration in supernatant solutions. This
measurement was used to determine the amount of QUAT precipitated with barium
chromate solid.
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RESULTS AND DISCUSSION
Equilibrium precipitation

The fraction of chromate in precipitate or the percentage of polyelectrolyte
recovery as a function of [QUAT]/[Cr042] ratios in the absence and in the presence
ofadded sodium chloride are shown in Figs 2 and 3, respectively.

In the absence of added sodium chloride, Fig. 2 shows the effect of the
[QUAT]/[Cr042] ratio and the [Ba2Q/[Cr042] ratio on the barium chromate
precipitation in the absence and in the presence of QUAT In the absence of QUAT,
the fraction of chromate precipitated is 100.00% at [Ba2']/[Cr042] ratios of 10
(stoichiometric ratio), 11, and 12 Where as, lower fractions of chromate
precipitated are obtained at  [Ba2‘]/[Cr042 ratios of 0.8 and 0.9 (sub-
stoichiometric), which are 84 96 and 90.54%, respectively Inthe presence of QUAT,
at any [Ba2 ]/[Cr042] ratios, the precipitation of barium chromate decreases as the
[QUAT]/[Cr042] ratio increases, since the increased polyelectrolyte concentration
provides more binding positive sites for the chromate anions, which increases the
difficulty for chromate anions to be freed and to be precipitated Moreover, the
solubility product of barium chromate solid is affected by the addition of QUAT The
high QUAT concentration results in the higher solubility of barium chromate two
orders of magnitude comparing to the solubility of barium chromate in pure water
(2.1x10'10. For example, at a [Ba2]/[Cr042] ratio of 10 (stoichiometric ratio),
fractions of chromate precipitated are 93.13, 88.52, 84.53. and 81.46 % at [QUAT]/
[Cr042] ratios of 5, 10, 15, and 20, respectively. On the other hand, the chromate
rejection increases as the [QUAT]/[Cr042] ratio increases in the previous PEUF
work (1, 2) For example, at retentate [QUAT] of 300 mM, chromate rejections are
91.45, 98.20, and 99.45 % at [QUAT]/[Cr042] ratios of 5, 10, and 20, respectively. It
demonstrates that the [QUAT]/[Cr0427 ratio is an optimized parameter in the
integrated PEUF and regeneration processes In addition, the higher fraction of
chromate precipitated is obtained with increasing [Ba2 ]/[Cr042] ratio For example,
at a [QUAT]/[Cr042] ratio of 20, percentages of polyelectrolyte recovery are 58 24,
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69.77, 81.46, 89.02, and 94.51 % at [Ba2l/[C r042] ratios of 0.8, 0.9, 1.0, 1.1, and
1.2, respectively.

Figure 3 shows the effect of the concentration of added sodium chloride on
the precipitation of barium chromate in the absence and in the presence of QUAT at
a [Ba2 ]/[Croa2] ratio of 16. The fraction of chromate precipitated increases when
sodium chloride is added to the system due to the competition of the chloride ions
(monovalent) (from the addition of sodium chloride) with chromate ions (divalent) to
bind onto the positive site of the polymer, resulting in the lower amount of bound
chromate anions with the polymer Therefore, it's easier for chromate anions to be
freed and to be precipitated as barium chromate. For example, at a [Ba2*]/[Cr042]
ratio of 1.6 and a [QUAT]/[Cr042] ratio of 5, fractions of chromate precipitated are
99.94, 99.96, 99 97, 99.97, and 99.97% at [NaCl] of 0 01, 0 02, 0.04, 0.08, and 0 10
M, respectively. Oppositely, the addition of salt results in the decrease of the
chromate rejection (1) due to the binding completion between chloride ions and
chromate ions. For example, at a [QUAT]/[Cr042] ratio of 20, chromate rejections
are 99.60, 98.51, 89.76, and 7101 % at [NaCl] of 0.01, 0.05, and 0.10 M.
respectively For an integrated process, [NaCl] is another parameter, which is needed
to be optimized. In the presence of added salt, the amount of barium chromate
precipitated also decreases as the polymer concentration increases. For example, at a
[NaCl] of 0 04 M, the fraction of chromate precipitated are 99.97, 99.94, 99.92, and
99 90 % at [QUAT]/[Cr042] ratios of 5, 10, 15, and 20, respectively In the absence
of QUAT, the precipitation of the barium chromate decreases with the increasing of
salt concentration due to the activity effect resulting in the higher barium chromate
solubility.

Optimization

Inthe polyelectrolyte regeneration process of the integrated process in Fig 1
the amount of barium chloride added is concerned The higher amount of barium
chloride is added to attain the high fraction of polyelectrolyte recovery, the higher
amount of an excess barium chloride coming out with purified water would be
obtained Although barium is much less toxic than chromate, its drainage to the
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environment should be concerned. The optimization of the addition of barium
chloride in polymer regeneration process was investigated by using a processing
engineering calculation

In order to obtain the continuous operation, an assumption is made, the
chromate concentration in a recycled stream is always equaled to the chromate
concentration in the feed stream. Normally, the chromate concentration in the feed
stream (wastewater) is known, therefore the chromate concentration in the retentate
stream can be calculated by using the results of PEUF (2) at the desired chromate
rejection, QUAT concentration in the retentate, and the [QUAT]/[Cr0.42] ratio The
chromate concentration in the retentate obtained from the calculation can be used to
determine the percentage of chromate precipitated based on the results from the
equilibrium precipitation in this study Finally, the barium concentration, which is
required to be added to the retentate stream to recover QUAT and the barium
concentration, which comes out with purified water in PEUF process can be
determined at any initial chromate wastewater concentrations.

Figure 4 shows a mole ratio of barium added to chromate in the feed stream
as a function of a chromate molar ratio in purified water to feed. In order to achieve
the high purity of the permeate stream, the addition of the large amount of barium is
required in the regeneration step. The amount of excess barium left over from the
precipitation will come out with purified water as shown in Fig 5. The result shows
the [Ba2 ]/[Cr042] in purified water increases as the chromate molar ratio in purified
water to feed decreases or the purity of the purified water increases.

The proper amount of barium chloride, QUAT, and sodium chloride, which
will be used in the integrated PEUF and polymer recovery processes can be
determined at any concentrations of chromate in wastewater to achieve the desired
degree of purity of the purified water
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Figure 1 Schematic diagram ofPEUF and polyelectrolyte regeneration processes to
remove chromate from water.
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ure 2. Fraction of chromate in precipitation at different [QUAT]/[Cro42] ratios.
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