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ABSTRACT

In papermaking, mill water closure may result isignificant increase of inorganic salts in the whit
water. The effect of these contaminants on theopaidnce of retention aids was evaluated, in this
study, through flocculation of Precipitated Calci@arbonate (PCC) with three very high molecular
weight cationic polyacrylamides (C-PAM) of mediurhacge density and with different degrees of

branching. Furthermore, flocs resistance and refilation capacity was also investigated when
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different types of shear forces were applied. Tesre carried out in distilled water and in indigtr
water containing a high concentration of cation@mmpounds. The flocculation, deflocculation and
reflocculation processes were monitored by evalggparticle size distribution using a light difftem
spectroscopy technique. Additionally to the effetthe cationic content of the medium, the influenc
of the flocculant dosage and degree of polymer diteng were also studied. The effect of these
parameters on the flocs structure was estimatedetgrmining both the mass fractal dimension and the
scattering exponent of the aggregates. The reshlisv that the presence of inorganic salts affects
significantly the performance of the polyelectrelyt The flocculation kinetics is faster but theuiesd
flocculant dosage is higher when the suspendinguned industrial water. The cationic entities affe
also the flocs structure because they reduce tbenfermation of the polymer during flocculation.
Additionally, in industrial water, flocs become rearesistant and this effect is more pronouncedhas t
flocculant branching decreases. In the case ofitlear polymer, this effect is not so obvious bessau
reconformation is less pronounced due to its mddecstructure. Reflocculation capacity of flocs is

very reduced both in distilled and industrial water

INTRODUCTION

In papermaking, polyelectrolytes are widely usedretention aids®* The efficiency of these
polymeric additives depends on several factors haflecculant characteristics (structure, molecular
weight, charge density and concentration), charigties of the suspended particles (size and charge
density), characteristics of the suspending medjif) conductivity and ionic charge) and contactetim
and turbulence intensity, among oth&fs.

It is well reported in the literature that the dpamdensity of the polyelectrolyte and its structare
factors that significantly affect flocculation besa they determine conformation of the polymer when
adsorbed on the particle surfade.ln the case of high molecular weight C-PAM (caiion

polyacrylamides) of medium charge density, stugiesve that flocculation occurs by the bridging

2



mechanisnt:”® The polymer concentration is also an importanapeter since the rate of adsorption
depends on the amount of polymer that reaches #niicle surfac€. Tadros (2005) proposed the
“diffusion-controlled adsorption kinetics modeltasng that adsorption dominates when the surface
concentration of polymer is lower than the equilibr concentration, whereas desorption is the ruling
phenomena when the surface concentration is hidjizer the equilibrium concentratidrLa Mer and
Healy (1963) have shown that when flocculation ogday the bridging mechanism the equilibrium
concentration is reached when the polymer surfaserage is 50%° Moreover, a repulsion effect
between particles can coexist due to the excegslginer concentratioh’

Concerning the suspending medium, many studies nieinaded that the presence of electrolytes can
affect the performance of the retention &td** For example, Hulkko and Deng (1999) found that
single C-PAM systems and microparticle retentiodsasystems were significantly affected by the
increase of electrolyte concentration due to tHeénggout effect'? Studies performed by Stemme and
co-workers (1999) have also indicated that theease of the ionic strength affects the performarice
the microparticle retention aids systefidore recently, Stoll and Chodanowski (2002) haveven the
influence of the polymer chain stiffness and of iiv@c concentration on polymer adsorption by using
Monte Carlo simulation§® They found that better adsorption of the polymeaswpromoted by
decreasing the chain stiffness or by decreasing idhéc concentration® In these cases, high
concentrations of dissolved inorganic compounds affect the conformation of the polymer chain due
to the salting-out effect thus reducing the polymeridging capability> Consequently, these changes
in polymer conformation result in alterations iretflocs characteristics and flocculation kinetics.
Additionally, Vanerek and co-workers (2000) obserwhat the impurities of the water (anionic
substances) affect the surface charge of the pitateip calcium carbonate (PCE)These impurities
can adsorb on the PCC surface that becomes moagivesg

Since the closure of the process water circuitslt®f a significant increase of the inorganidsai
water’? it is essential to know how this cationic contaffects the flocculation process and, thus, the

retention capacity of the flocculant. However, #ffect of electrolytes on flocculation has beennthai
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studied on the performance of retention aids systeith linear polymers. Since the polymer structure
is a factor that affects both flocculation and faharacteristics it is also interesting to study effect
of the ionic strength on branched polymers perforcea

Additionally, flocculated suspensions are normalljomitted to high shear forces (shear rate higher
than 1000 9) in the wet end of a paper machine where turbedachigh to favor formation of the
paper sheef Under these shear conditions, the initial floos asually broken up but the suspension
can partially reflocculate when the shear forcesretse. Resistance of flocs and reflocculation
capacity depend also on the flocculants charatitvisindeed, the strength of flocs depends on the
nature of the interactions between particles antherflocs density>*° and reflocculation depends on
the predominant flocculation mechaniéf.Since the reflocculated suspension is involvethensheet
formation stage, it is essential to understand lb#h flocculation and reflocculation processes to
optimize and control the industrial process.

Recent studies have shown that Light Diffractiore@mscopy (LDS) is a useful and powerful
techniqgue to monitor the dynamics of flocculationdato evaluate the effect of the flocculant
characteristics and dosafé? In another paper, it was also demonstrated tligtebhnique can be used
to evaluate the deflocculation and reflocculationcpsses, when flocs are submitted to mechanical
forces (sonication) or to hydrodynamic sheafi§urthermore, LDS not only allows the determination
of the aggregate mean size and size distributiohgives also the mass fractal dimension of thesflo
d=.*%* This mass fractal dimension provides a mean ofesging the degree to which primary particles
fill the space within the nominal volume occupigddn aggregate: for solid non-porous particles 8l
and for porous particles 132* In addition, when aggregate restructuring occlwes aggregate
structure is no longer fractal. Restructuring tailese at large length scales and information afiocs
structure is provided by the so called scatterixgpeent, SE, that is also determined from the sdag
pattern®® Biggset al. (2000) indicate that scattering patterns at stealjth scale refer to the scattered
light from primary aggregates whereas at largetlesgale they correspond to the light scatterenhfro

secondary aggregates that resulted from the adipregaf the primary one$.It is, therefore, a
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convenient parameter to characterize the densitlyeoflocs?* It is well known that flocculation kinetics

is influenced by the fractal nature of the aggregatince the collision radius depends on the fracta
dimension of the flod€ thus, fractal dimension has to be taken into @®rsiion when analyzing and
modeling the flocculation process.

The aim of this study is to understand the effé¢he ionic content of the suspending medium on the
flocculation process, namely on the flocculatiomektics and floc structure (through: énd SE
determination). Furthermore, the effect of the wataic content on flocs resistance and refloccartat
capacity was investigated. Flocculation, defloctataand reflocculation studies were performed in
distilled and in industrial waters, varying flocant dosage and flocculant branching. The first part
this paper presents the results obtained in didtilvater. In the second part of the paper, results
obtained in industrial water were gathered and werapared with those obtained in distilled watar. |
addition, the effect of the polymer concentratiowd &f the polymer branching were discussed for both
distilled and industrial water tests.

In all the tests, the LDS technique was used talystthe flocculation, deflocculation and
reflocculation processes. Additionally, zeta pantneasurements have been carried out as the
flocculation progressed, since a variation in thpgarameter gives an indication of polymer
reconformation, as mentioned by several authtt$’ Here, only results for the flocculation of PCC in
the presence of three high molecular weight andivnedharge density (50%) cationic polyacrylamides

with different degrees of branching will be preseht

MATERIALSAND METHOD

Materials

The industrial PCC suspensions were prepared at(\d/9 in distilled water and in industrial water

(white water from the industrial plant).



The suspension was firstly agitated using magrsgiticng and then submitted to sonication at 50 kHz
during 15 minutes to obtain a good dispersion ef RICC particles. The pH of the PCC suspension in
these conditions was 7.5, the median size of thecfs was 0.5um and the zeta potential of the
particles was -30 mV in distilled water and -37 m\industrial water.

Three new C-PAM emulsions of very high molecularighie developed and supplied by
AQUA+TECH, were used in this study: i) Alpine-FI8tE1, a linear polyacrylamide with a molecular
weight around 1.210" g/mol and 50% (w/w) of groups charged: ii) AlpiRlc™ E1+, a low branched
polyacrylamide with a molecular weight aroundxi.@ g/mol and 50% (w/w) of groups charged:; iii)
Alpine-Floc™ E1++++, a highly branched polyacrylamide with alesalar weight of 1.210" g/mol
and 50% (w/w) of groups charged. The cationic mogom all the polymers is dimethylamino ethyl
acrylate. Flocculant solutions were prepared daiti distilled water at 0.1% (w/w).

Flocculation tests were performed both in distillsdter and in industrial water. Before use, the
suspended material of the industrial white waterewemoved by microfiltration. The main quantifiabl
difference is the ionic content of both the distillland the industrial waters and, consequentlyydhee
of the conductivity (see Table 1). The ionic comtemas determined by Atomic Absorption

Spectroscopy (AAS) and by ion chromatography.

M ethods

The flocculation of the PCC particles was monitolbgdneasuring the size of the aggregates by light
diffraction scattering (LDS) in a Malvern Masteesi2000 (Malvern Instruments). The 1% (w/w) PCC
suspension was diluted with water to a concentmatid 0.05% (w/w) corresponding to 70%
obscuration. The obscuration should be kept aro2®fb for good signal quality. However, since
obscuration decreases during the flocculationdastto particle aggregation, it is necessary td gta

tests with a higher obscuration value, as demaestiia previous studi€dto guarantee that at the end



of flocculation the obscuration is always above @%low this value the signal quality starts to be
poor).

The same methodology described in previous papassused to study flocculation, deflocculation
and reflocculation, both in distilled and industrater?%3

Both flocculants were tested with different concatidns close to the optimum dosage as determined
by the pre-screening methodology developed by BIi&hThe size of the PCC particles was measured
before the addition of the flocculant to the suspem For the studies of flocculation dynamics, the
flocculant was added at once and the flocs sizemeasured every minute during 14 minutes (at this
time the flocs size was stabilized).

The flocs resistance was evaluated using two @iffietypes of shear forces. The first approach was t
submit the flocs to sonication at 20 kHz duringsg@onds. This mechanical shear force was directly
applied to the suspension in the LDS dispersiot after flocculation. The second method involvied t
application of hydrodynamic shear forces during omeute by increasing the recirculating peristaltic
pump speed in the equipment from 1400 rpm to 2P0, which corresponds to increasing the shear
rate in the flow tubes from 312" g0 708 &, respectively. After shearing tests, the sheacefaras
restored to the initial value to allow for the oeftulation process to take place, which was then
monitored during 5 minutes.

The mass fractal dimension of the flocs during ftexculation process and at the end of
reflocculation was also computed from the scatteqattern used to determine particle size. The
individual particles could be considered to follte Rayleigh-Gans-Debye approximation (particles
smaller than 1.Qum and refractive index 1.572).Since secondary aggregates resulting from the
aggregation of primary aggregates can be formexdsthcalled scattering exponéhtorresponding to
the region of the larger scattering aggregatesdtaaiffraction angles), was also computed from the

scattering pattern.



The zeta potential of the flocs was also measuneitheé course of flocculation, using the Zetasizer
NanoZS equipment (Malvern Instruments), at threemernds: one minute after the addition of the

flocculant, 7 minutes after the addition of theclalant and at the end of flocculation (14 minutes)

RESULTSAND DISCUSSION

Experimentswith distilled water

The time evolution of the PCC median floc size istitled water is illustrated in Figures 1 to 3 for
El, E1+ and E1++++ respectively, for different cemttations (mg of polymer/g of PCC). It can be
observed that the floc size increases with timetaum maximum and decreases, thereafter, due to
aggregate restructuring. It was demonstrated iregiqus study that for flocculants of medium charge
density the flocculation occurs mainly by the bifdgmechanismi? Therefore, after adsorbing at the
particle surface, the polymer chains start to rarage, resulting in aggregate re-conformation and
decrease in the flocs size, as observed also leytuthors? 3 This decrease is more notorious for
the optimum concentrations of each polymer, respagt4 mg E1/g PCC, 12 mg E1+/g PCC and 8 mg
El++++/g PCC (Figures 1 to 3). When the polyeldgteowas in excess the flocculation kinetics was
much slower due to the diffusion barrier and to tepulsive forces. Consequently, aggregates had
enough time to reach a stable configuration dutivegaggregation step and no or little reconfornmatio
occurred.

Additionally, reconformation is less evident in tbases of both the linear (E1) and the highly
branched polymer (E1++++). In fact, for the lingadymer (E1), flocculation kinetics was faster and,
moreover, the amount of polymer necessary to parfitwcculation was lower (Figure 1). During the
first seconds the polymer adsorbed at the parSdidace in a flat configuration and, under these
conditions, the polymer chain had less space foonfrmation than in the case of the branched
polymers (Figures 2 and 3). For the highly brandB&dl+++, the radius of gyration of the polymer ésiz

of the polymer chain) is smaller and reconformatienomes also more difficUftt?



Furthermore, the polymer structure also affectesl ftbcs size at the maximum in the flocculation
curve. The linear polymer (E1) produced smallecslthan flocs produced with the branched polymers.
The larger flocs were produced by the low brangbelgmer (E1+). A linear relationship between the
flocs size and the polymers branching degree do¢sxist probably due to the reasons explained
before (kinetics and polymer conformation). It easonable to assume that flocs size and polymer
structure must be related. Therefore, since theatipolymer adsorbs in a flatter configurationheg t
particle surface, the space between particles &lsand smaller flocs are obtained. In the casthef
highly branched polymer, the space between pastisl@also small but now due to the smaller polymer
radius of gyration. That is, there are differenttéas related with the polymer characteristics that
condition the flocs size.

The influence of the polymer structure on both tleeculation kinetics and the flocs structure is
confirmed by the mass fractal dimension and seéagexxponent values. The values of the mass fractal
dimension (¢), that correspond to the structural charactesstt the primary flocs, and of the
scattering exponent (SE), related to the secondggyegates, are presented in Table 2. In all tables
results for the optimum dosage are highlighted neygoackground. The first conclusion is that the
polymer concentration affected the fractal dimensand the scattering exponent in the same way. In
general, for the optimum flocculant dosage, floes kEess compact fdand SE are smaller) at the
maximum in the kinetic curve where flocs producesllarger. Flocs at the end of flocculation are enor
compact (¢d and SE are higher) than at the maximum in thetikineurve due to restructuring of
polymer chains, but the compactness decreases aslymer concentration increases.

The trends detected in Table 2 reinforce the cammtuthat the degree of branching of the polymer
affected the flocculation process and the flocsicstre. Indeed, comparing results obtained for the
optimum flocculant dosage, both the mass fractakdision and scattering exponent at the maximum in
the kinetic curve indicate that flocs produced vith and E1++++ have a denser structure. This agrees
with what was observed before in relation with §®ize. Moreover, the larger E1++++ flocs haveagot

more open structure than flocs produced with Elafdl SE are lower for E1++++ than for E1).



At the end of flocculation, the differences in the values are small probably due to flocs
restructuring. However, comparing results for tht@responding optimum flocculant dosage, the
scattering exponent value is higher for flocs pastlwith E1+ and lower for flocs produced with
El++++. Furthermore, the increase mahd SE during flocculation is small for both Edfl ++++.
These two facts confirm that the polymer reconfdromwas less extensive in the case of E1 and
El++++. Additionally, in the case of E1++++ thed$ostructure is much more open at the maximum in
the kinetics curve than for E1 and, thus, the degreflocculant reconformation was not enough to
reach the same degree of compactness at the dodaflation, as that obtained with E1.

The decay of the zeta potential values during fliéstgon in distilled water, as shown in Figure #a,
the three flocculants, is also an indication of poé/mer chains restructuring. This agrees witldlifigs
of others author3®®?’and is most certainly due to the rearrangemepbbfmer chains that leads to a
stronger attachment of the positive sections t@#récles and, thus, leaves less free positivadiras.

Regarding the different values for the optimal @nmcation for the three polymers, the larger
difference can be found between the linear andbtia@ched polyelectrolytes. In fact, as mentioned
before, the linear polymer tends to acquire adtationfiguration on the particles surface, and thus
coverage is obtained with a smaller dosage of petytm the case of both E1+ and E1++++ the dosage
necessary is higher, being smaller for E1++++ fioafc1+. The higher number of branches in the chain
of E1++++, though giving rise to a lower radiusgyration, renders the charged sections of the chain
more accessible to the particles, and therefordsldéa an easier attachment of the polymer to the
particles. This is why the dosage is lower than tme of E1+. Even being bridging also the
predominant mechanism the E1++++ polymer chainsad@rotrude so much from the particle surface
and tend to have again a flatter configuration ttiem one occurring with E1+. This agrees with the
more open structure of the E1+ aggregates, at txégnmum of the kinetics curve as discussed above.

With regard to the breakage tests, it is evideriigures 5 and 6 that the flocs size rapidly desgea
when they are submitted to sonication. Breakag#oo$ indicates that the polymer chains detach from

the particles surface resulting in rupture of bohdsveen the particles in the aggregate. The hupak-
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by sonication of the flocs formed with both E1+ &i++++ was not much dependent on the flocculant
concentration, as shown in Table 3. However, thgreke of branching seemed to affect the floc
resistance. In fact, flocs produced with E1+ and-&1 offered the same resistance to sonication but
were less resistant than flocs produced with Els Tact does not correlate well with the @nd SE
values calculated at the end of the flocculatiaocpss. Size seems to be the factor that most affieet
resistance to breakage, since the main differeet@den the three polymers, at the end of flocautati

is on the flocs sizes (Figures 1 to 3). The flaeesof aggregates produced with E1+ and E1++++ are
similar, while flocs produced with E1 reached a muenaller size. Consequently, as the flocs size
increases, flocs resistance decreases.

The reflocculation degree of the flocs was verylsorgpractically inexistent whatever the flocculain
used. Figures 5 and 6 show the reflocculation behd&er E1 and E1+ respectively. In fact, as dezeuli
before, the predominant flocculation mechanism with El1+ and El++++ is by bridging. Flocs
formed by bridging mechanism are strong; howeviethey breakup the polymer degrades and the

reflocculation process becomes more diffic¢tif?** As described in the literatut&33>*

the original
polymer bonds are not able to reform to their pyasiextent, and, moreover, the polymer chainseat th
particle surface reconform, increasing coverag¢hefsurface and inhibiting reflocculation with fines
polymer. Regarding the flocs structure at the ehdefbocculation, it is difficult to detect signdant
differences with flocculant concentration due toe tmall reflocculation capacity (Table 4).
Nevertheless, gvalues of reflocculated flocs are slightly higllean before breakage. This indicates a
more compact structure of the reflocculated fl&sflocculated flocs structure followed the samedre
as described for flocs structure at the end ofcildation, i.e., flocs produced with the highly bched
polymer are slightly less compact upon refloccolati

The results of Table 3 show also that the resistaot aggregates submitted to increasing
hydrodynamic shearing forces was not dependenterflocculant concentration, following the same

trend as detected when sonication was applied. mdeless, the decrease in the flocs size under

hydrodynamic shearing was less notorious than usdeication (Figures 5 and 6). As described in a
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previous study? flocs size decrease during deflocculation whenpilmap speed increases must be due
to flocs erosion, while sonication promotes flogfmentation, which explains the different degree o

breakage for the two cases. Additionally, neither branching nor the floc size seemed to affect flo

resistance in the case of hydrodynamic shearing.

Reflocculation of hydrodynamically sheared flocssvedso practically inexistent (Figures 5 and 6).
The bonds that break during shearing refer to #taathment of very small particles and do not lead t
reflocculation?®

At the end of reflocculation (Table 4), similar ctusions can be made concerning the structure of
reflocculated flocs that were broken by either sation or hydrodynamic shear. However, when the
hydrodynamically sheared flocs were reflocculatezldhange ing(before and after breakage) was not

so pronounced as for the sonicated ones.

Experimentswith Industrial Water.

Similar flocculation tests were conducted usingustdal water as the suspending medium. The
results are shown in Figures 7 to 9 for E1, E1+ &id+++, respectively. The kinetics of the
flocculation process in industrial water followedpattern that was similar to the pattern of the
flocculation in distilled water, though slightlydier in the industrial white water. In fact, itkeown
that the thickness of the double layer surroundegparticle surface depends upon the concentrafion
ions in solution and can be calculated from thdciagtrength of the medium: the higher the ionic
strength, the more compressed the double layemiesxolherefore, the thickness of the double lafer o
the PCC particles was reduced due to the highrdatmontent of the white water and this contributed
also to the flocculation of the PCC particles. Eldation, though being mainly due to bridging, is
facilitated by the decrease of the repulsive foaras this is why velocity is slightly higher.

Moreover, with industrial water, restructuring wass effective when using E1+ and E1++++ since
the flocs size decreased less. This can be expldipe salting-out effect caused by the high cation

content of the industrial water; the polymer addmemore coiled structure and, thus, the capalfdity
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reconformation was reducé@***® In fact, the zeta potential did not decrease dufiocculation
(Figure 4b), therefore confirming the reductiontloé polymer reconformation capability as explained
previously. The polymer chain of E1 was also a#fdcby the salting-out effect but the flocs size
decrease during flocculation was slightly more prorced than in distilled water (Figures 1 and 7).
Considering that the polymer chain adopts a moilectstructure in the presence of salts, chainslof

in industrial water have a similar behavior as Hfi+distilled water, i.e., becomes more flexible.
Moreover, before the maximum in the kinetic curdee to the very fast adsorption of this polymer at
particle surface particles did not have enough timeeach stable positions. As a result, there was
enough space for restructuring of the polymer chaiaccur afterwards, with the consequent decrease
in flocs size as observed in Figure 7. At the masamin kinetic curves, there are still polymer tailsd
loops at the particle surface and certainly becafsthat the zeta potential did not decay during
flocculation (Figure 4b).

For flocculation tests in industrial water, highgolymer dosages were, in general, required in
agreement with the lower zeta potential of the R@@icles (Figure 4). As observed by Vanerek and
co-workers (2000), since the industrial water corstanore contaminants, the surface charge of the PC
particles in industrial water is more negative tiadistilled water and thus more polymer is neaggs
to neutralize those chargEsStudies performed by Shubin and Linse (1997) antl &d Chodanowski
(2002) have shown that polymer adsorption is prechdby decreasing the salt concentrativh.
Consequently, in industrial water, a larger amoofnpolyelectrolyte was needed to obtain the same
particle surface coverage with the polymer. Thanopin flocculant dosage for E1+ continued to be
higher than for E1++++ and again was the lowesEbi(35 mg/g, 30 mg/g and 20 mg/g, respectively).
It is interesting to note that some tests made witimulated industrial water” (distilled waterwuaich
exactly the same cations as in the industrial watse added) did not show the same trends as hath t
real industrial water. So, what is determinant tfug results is the higher negative charge of th€ PC

particles in the white water.
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The high cationic content of the industrial watkoaalters the effect of branching of the polynrer i
the flocs characteristics. The flocs obtained istilied water with E1+ are in general larger white
industrial water the opposite happens. E1++++ds kfected by the salting-out effect than E1+ tdue
its smaller gyration radius. Concerning E1, theyp@r has a more coiled and flexible structure, itegd
to higher distances between particles and resuhitgrger flocs than in distilled water.

These effects are also reflected in the fractaledsion and scattering exponent values shown in
Table 5. For the optimum concentrations, the stmest of flocs produced by E1+ and E1++++, at the
maximum in the kinetic curve, are denser in indaktvater than in distilled water as a result o th
more coiled structure adopted by the polymers. Heunore, these differences are again less
pronounced for E1++++. For E1, the high decreasth®fSE value from distilled to industrial water
indicated that flocs structure became more opeimdnstrial water. Indeed, as explained before, the
salting-out effect allows an increase of the polyetein flexibility and thus produces larger floggh
a more open structure than in distilled water. Tdiference is more evident for the secondary
aggregates (by comparison of the SE values) simcenslary aggregates were still very loose duedo th
very fast aggregation kinetics in industrial water.

At the end of flocculation, the behavior is verifelient from that observed in distilled water. lede
in distilled water both primary and secondary flés/e a denser structure at the end of flocculation
than at the maximum in the kinetic curve, due tadl restructuring. In industrial water, the secopda
aggregates are effectively denser at the end o€dlation but primary aggregates become slightg le
compact. Reconformation occurs mainly at the seagndggregates level because primary aggregates
were already quite compact at the maximum of theti¢ curve.

Despite these differences in the flocs structummjlar trends were observed in distilled and in
industrial waters concerning to the flocculant antecation. As the flocculant concentration incrsase
the mass fractal dimension and the scattering exptattecrease.

The effect of sonication and of pump speed on ftessstance in industrial water is similar to tmeo

observed in distilled water (Figures 5 and 6, Talfleand 7). Results in Tables 3 and 6 show that the
14



resistance of flocs produced with E1 and El+++simsilar in both waters when comparing values
obtained for the optimum dosages. However, forahgmum dosage, the flocs produced with E1+ are
more resistant in industrial water than in distillgater. Here again, the flocculant branching sektoe
have little effect on flocs resistance becausefiies structure at the end of flocculation is samil
(Table 5). As in distilled water, it is the floaze that most affects the flocs resistance. Thgams the
higher resistance of flocs produced with E1+ whaech smaller in size. Flocs produced in industrial
water became generally more compact after breakagiarly to those produced in distilled water,
mainly when breakage occurred by sonication (T&@pl@ he secondary aggregates are more compact in
industrial than in distilled water (Tables 4 and When the breakage resulted from hydrodynamic

shearing (erosion mechanism) the densificationalmsst negligible.

CONCLUSIONS

The results obtained demonstrate that the degréleaoulant branching and the cationic character of
the suspending medium affect significantly the dldation process and the flocs structure.

Independently of the suspending medium, the optifflootulant dosage increases as the flocculant
branching increases but for the very high brangiadgmer the optimum dosage slightly decreases.

In distilled water, restructuring of flocs is vehjgh, while, in industrial water, the presence of
cationic compounds causes a more coiled structtbeopolymer chain reducing its reconformation
capability.

Moreover, the high cationic content of the induadtrwater enhances the flocculation kinetics.
Nevertheless, the optimum flocculant dosage becdmgtr in industrial water due, again, to the more
coiled conformation of the polymer and the presesfamntaminants.

Aggregates’ structure is dependent on the floceuteanching and on the cationic content of the
suspending medium. For the branched polymers ardisiilled water, flocs at the maximum in the

kinetic curve are larger and less compact as teetilant branching decreases. The flocs productd wi
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the linear polymer are the densest and the smal¢dhe end of flocculation, flocs are denser tlan
the maximum in kinetic curve.

In industrial water, flocs at the maximum in thenddic curve are more compact than in distilled
water. This is less pronounced for the more brashdleeculant which is less affected by the cationic
content of the water. For this flocculant, flocgts# maximum in the kinetics curve are also latgan
in distilled water. Furthermore, for the linear yoker and in industrial water, the more coiled
configuration of the polymer results in larger &esks compact flocs.

At the end of flocculation and in industrial waténere is a distinction between the structure of
primary and secondary flocs. Secondary aggregatesnce to be denser than those produced at the
maximum in the kinetics curve. Nevertheless, primigmcs become slightly less compact indicating
that the reconformation of the polymer chain, afiter aggregation stage, is reduced in industriéémwa

The resistance of flocs is mainly dependent onflbes size before break up. As the flocs size
increases the resistance of flocs decreases. Souwmilation kinetics and flocs size depend on the
flocculant characteristics and on the suspendindiume the resistance of flocs also depends on the
flocculant characteristics and on the suspendingjume

It can be concluded that highly branched floccidare less affected by the water cationic content |
all the stages, flocculation and break up, thudifepto similar flocs structures independently loé t
suspending medium.

As a final comment, it is important to stress tdien screening flocculants performance and
optimizing flocculant dosage for industrial purpeset is essential to take into account the
characteristics of the suspending medium. So, tmnwon practice of using distilled water for the

screening tests may lead to erroneous conclusions.
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List of Tables

Table 1. Characterization of distilled and indwdtwaters.

lonic content (mg/L) Conductivity
Water g/
Na@ c& Mg® A K Cf so? Br  (Slcm)
Distiled 0.27 0.27 0.027 - 0.27 - - - 4-8 6.4
Industrial 87 23 54 0.18 2.9 62 17 3.8 569 7.7

Table 2. Flocs fractal dimension and scatteringberpt (distilled water)*.

Maximum in the kinetic curve End of flocculation

Flocculant  Concentaton

dr SE (e3 SE
2 1.45 2.19 1.54 2.55

El 4 1.33 2.36 1.54 2.47
8 1.48 2.48 151 2.55
8 1.36 2.05 1.59 2.51

El+ 12 1.13 1.37 1.54 2.56
25 1.20 2.03 131 2.09
6 1.53 1.74 1.57 2.45

El++++ 8 1.46 1.61 1.52 2.33
10 131 1.97 1.49 2.37

* grey lines refer to the optimum flocculant dosage
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Table 3. Flocs break up percentages (distilled iuate

Concentration

Break up (%)

Flocculant

(mgg)  poppz 220

rpm

4 39 17

E1l
8 43 17
12 78 17
El1+

25 77 18

8 77 19

El++++

10 65 18

* grey lines refer to the optimum flocculant dosage

Table 4. Flocs fractal dimension and scatteringoeept after 5 min of reflocculation (distilled wgté

Concentration 20 kHz 2200 rpm
Flocculant (mg/g)

99 dr SE dr SE

4 1.65 2.48 1.61 2.37
El

8 1.65 251 1.59 251

12 1.60 2.55 1.62 2.56
El+

25 1.52 2.57 1.43 2.29

8 1.75 2.28 1.57 2.29

El++++
10 1.62 2.26 1.59 2.40

* grey lines refer to the optimum flocculant dosage
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Table 5. Flocs fractal dimension and scatteringbegpt (industrial water).*

Elocculant Concentration Maximum in the kinetic curve roEcnudla?[];on
(mg/g)
de SE de SE
8 1.51 2.47 1.48 2.66
El 20 1.40 1.45 1.37 2.64
25 1.42 1.66 1.17 2.62
25 1.47 2.12 1.38 2.61
El+ 35 1.45 1.98 1.27 2.60
40 1.29 1.84 1.06 2.57
10 1.44 2.45 1.43 2.60
El++++ 30 1.53 1.75 1.30 2.57
35 1.33 2.26 1.23 2.58

* grey lines refer to the optimum flocculant dosage

Table 6. Flocs break up percentages (industriadryét

Concentration

Break up (%)

Flocculant
(mg/g) 20kHz ~ 22%0
rpm
8 40 16
E1l
20 55 5
25 31 17
El+
35 40 9
10 36 18
El++++
30 60 12

* grey lines refer to the optimum flocculant dosage



Table 7. Flocs fractal dimension and scatteringoeept after 5 min of reflocculation (industrial

water).*
Flocoulant  COncentration 20kHz 2200rpm
(Mg/g) dr SE dr SE

8 1.50 2.66 1.52 2.66

E1l
20 1.45 2.65 1.37 2.69
25 1.46 2.62 1.41 2.68

El+
35 1.45 2.59 1.23 2.65
10 1.51 2.63 1.48 2.62

El++++

30 1.49 2.59 1.30 2.64

* grey lines refer to the optimum flocculant dosage
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Figure 1. Evolution of the flocs median size durlogculation in distilled water (E1).
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Figure 2. Evolution of the flocs median size durilogculation in distilled water (E1+).
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Figure 3. Evolution of the flocs median size durflogculation in distilled water (E1++++).
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Figure 4. Zeta potential for PCC and for the optimfilocculant dosage at 1, 7 and 14 minutes after

flocculant addition in (a) distilled and in (b) nstrial water.
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Figure 5. Flocculation with E1, deflocculation amflocculation after a) sonication and b) increae

the pump speed (distilled and industrial water).
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Figure 6. Flocculation with E1+, deflocculation aeflocculation after a) sonication and b) increake

the pump speed (distilled and industrial water).
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Figure 7. Evolution of the flocs median size durlogculation in industrial water (E1).
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Figure 8. Evolution of the flocs median size durlogculation in industrial water (E1+).
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Figure 9. Evolution of the flocs median size durlogculation in industrial water (E1++++).
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