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intercept in Figure 5, s/mL cross-sectional area, ﬁlter area, m2 slope in Figure 5, s/mL creep constant creep constant capillary diameter, m Sauter mean diameter of particles, m electrostatic potential at the solids surface, V cake thickness, m Boucher’s ﬁlterability index, m−3
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ionic strength, mol/L proportionality volume of cake/volume of ﬁltrate, m3 /m3 proportionality mass of cake/volume of ﬁltrate, kg/m3 proportionality number of particles/volume of ﬁltrate, m−3 permeability = 1/αh , m2 distance from the inlet face of the ﬁlter bed, m mass of dry ﬁlter cake, kg molar concentration of ion “i”, mol/L
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N n ∆P pc pce pci pL pS q r rD S SR S∞ t reg Uc V V˙ zi αH αm β ε η Θ λ ζ



number of pores in the ﬁlter medium compressibility index dimensionless pressure difference capillary pressure, Pa capillary entry pressure, Pa capillary suction pressure, Pa pressure in the liquid, Pa compressive stress on the solids, Pa exponent describing blocking behavior distance from the solids surface, m Debye length, m saturation (volume of liquid/volume of pores) reduced saturation irreducible saturation regeneration time for cleaning and preparing a run, s consolidation rate volume of ﬁltrate, m3 volumetric ﬂow rate, m3 /h valency of ion “i” cake resistance relative to cake thickness, m−2 cake resistance relative to dry mass, m/kg resistance of ﬁlter medium, m−1 porosity = pore volume/total volume viscosity, Ns/m2 dimensionless time ﬁlter coefﬁcient of deep bed ﬁlters, m−1 surface potential, V



Indices av e H L loc m N S w pore



average end of ﬁltration related to cake thickness (height) liquid local related to cake mass number solid wash liquor pore (volume)



1. Terminology Filtration is the separation of solid particles or liquid ones (droplets) from liquids and gases with the help of a ﬁlter medium also called a septum, which is essentially permeable to only



the ﬂuid phase of the mixture being separated. In earlier times, this process was carried out with felts, and the word “ﬁlter” has a common derivation with “felt”. Often however, puriﬁcation of a liquid or gas is called ﬁltration even when no semipermeable medium is involved (as in electrokinetic ﬁltration). This chapter deals only with the ﬁltration of solid – liquid mixtures (suspension, slurries, sludges). For the treatment of gases by ﬁltration, → Dust Separation. The liquid more or less thoroughly separated from the solids is called the ﬁltrate, efﬂuent, permeate or, more rarely, clean water. As in other separation processes, the separation of phases is never complete: Liquid adheres to the separated solids (cake with residual moisture) and the ﬁltrate often contains some solids (solids content in the ﬁltrate or turbidity). The purpose of ﬁltration may be clariﬁcation of the liquid or solids recovery. In clariﬁcation the liquid is typically the valuable product and the solids are of minor quantity and are often discarded without further treatment. If however the solids are to be recovered, they very often have to be washed, deliquored and dried (see Fig. 1). In this article, washing means the cleaning of a product (ﬁlter cake) and it is distinguished from cleaning parts of the ﬁlter itself, which will be called rinsing (e.g., rinsing a ﬁlter screen or a ﬁlter cloth by jets of water). A further distinction is to be made between washing and extraction or leaching. Washing eliminates liquid contaminants from the pores between the particles of a ﬁlter cake. Extraction recovers soluble matter from the solid particles themselves (→ Liquid – Solid Extraction). The term drying means thermal drying, while the elimination of liquid from the ﬁlter cake by mechanical forces is called deliquoring or dewatering, e.g., deliquoring by gas pressure or by expression. Filtration is effected by application of vacuum, pressure, or of centrifugal force (see Fig. 2). Vacuum ﬁltration requires a vacuum pump. The pump evacuates the gas from a ﬁltrate receiver, where the ﬁltrate is separated from the gas. The ﬁltrate is drained either by a barometric leg of at least 8 to 10 m or by a pump that is able to “run on snore” (i.e. with a deﬁciency of feed liquid so that it tends to draw in air). Pressure ﬁltration typically only requires a pump for delivering of the suspension and the ﬁlter is placed
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Figure 1. Solids processing chain



within a pressure vessel, hence less easily accessible. Centrifugal ﬁltration is done in perforated centrifuge rotors (→ Centrifuges, Filtering).



Figure 2. Driving forces in ﬁltration



Vacuum ﬁlters have the great advantage that the cake is freely accessible. This facilitates automatic cake handling. However, vacuum ﬁlters cannot handle hot liquids, or solvents with high vapor pressure. The pressure difference across vacuum ﬁlters is very limited, and the residual moisture of the ﬁlter cake is higher than with pressure ﬁlters. Pressure ﬁlters in turn are preferred when the product must be kept in a closed system for safety reasons, or if the residual moisture content is important. The handling of the ﬁlter cake is obviously more difﬁcult in a pressure ﬁlter. Filtration by centrifugal force requires more technical equipment, but as a general rule it yields solids with lower residual moisture (→ Centrifuges, Filtering). Various models can describe the physical process of ﬁltration. This chapter concentrates on four idealized ﬁltration models depicted in Figure 3. – Cake ﬁltration is the most frequently used model. Here it is assumed that the solids are deposited on a ﬁlter medium as a homogeneous porous layer with a constant permeability. Thus, if the ﬂow rate dV /dt is constant, the pressure drop will increase lin-



early, proportional to the quantity of solid deposited. This model can be applied particularly well for all hard, particulate solids. – Blocking ﬁltration: The pressure drop is caused by solid particles blocking pores. Soft, gelatinous particles retained by a sieve exhibit such a behavior. If the ﬂow rate dV /dt is constant, the pressure drop increases exponentially with the quantity ﬁltered, the number of open pores asymptotically approaching zero. The pores may belong to a ﬁlter medium (screen or ﬁlter layer) or it may be pores within a ﬁlter cake of coarse particles, which are blocked by migrating ﬁne particles. – Deep bed or depth ﬁltration: Solid particles are retained in a deep ﬁlter layer. This takes place for example in sand ﬁlters for clariﬁcation of drinking water, which retain even colloidal particles. The typical effect of deep bed ﬁltration is adhesion of solids to the grains of the ﬁlter layer, comparable to charcoal adsorption. Only rather big particles are retained by the screening effect. When the ﬁlter bed has been saturated with solids, the solids concentration in the ﬁltrate leaving the bed progressively approaches that of the incoming suspension. – Cross-ﬂow ﬁltration: In cross-ﬂow ﬁltration the suspension ﬂows with high speed tangentially to the ﬁlter surface, preventing the formation of a cake. Only a small ﬂow of liquid passes through the ﬁlter medium. A certain layer of solids accumulates in the boundary layer on the ﬁlter surface, and reduces the ﬂow of ﬁltrate. After an initial period, a dynamic equilibrium is established between convective transport of solids to the ﬁlter surface and removal of solids by turbulence and by diffusion.
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Figure 3. Filtration models



Surface ﬁltration is the antonym to depth ﬁltration. The solids are retained on the surface of a ﬁlter medium. Generally the models of cake ﬁltration or of blocking ﬁltration can be applied. Screening designates a classiﬁcation process, which retains the particles below a certain size and lets pass the smaller ones (→ Screening). Often the term screening ﬁltration is also used to designate a surface ﬁltration with a screen as a ﬁlter medium. Its mode of action resembles screening (or straining) as long as the ﬁlter medium is clean, but it is clearly a cake ﬁltration as soon as a layer of solids has formed.



2. Filtration Models 2.1. Cake Filtration: Calculation of the Pressure Drop 2.1.1. Deﬁnition of Filter Resistance and Cake Permeability: The Darcy Equation The resistance to ﬂow of a ﬁlter cake can be described by Darcy’s law [1] (see Fig. 4). Consider a liquid ﬂowing through a ﬁlter cake (or a stream of water percolating through soil as considered by Darcy). The pressure drop ∆p of this ﬂow is proportional to: 1) The ﬂow rate per unit area V /A



2) The cake thickness H 3) the viscosity η of the liquid 4) A constant αH describing the “speciﬁc ﬁlter resistance” of the cake:  ∆p1 =



V˙ A



 ·H ·η·αH



(1)



   3  The SI-units are Pa = mm2/s ·m·Pa·s·m−2



The unit of αH must therefore be m−2 in order to satisfy the Darcy equation (1). The reciprocal of the ﬁlter resistance αH is also called permeability k of the ﬁlter cake: k=



1  2 m αH



(2)



Sometimes it is more convenient to deﬁne cake thickness in terms of solid mass per unit area (unit kg/m2 ). This leads to a slightly different deﬁnition of ﬁlter resistance, the factors being: 1) 2) 3) 4)



The ﬂow rate per unit area V /A The cake thickness m/A The viscosity η of the liquid A constant αm with the unit m/kg describing the resistance of the cake.



Then the following expression is obtained instead of Equation (1)  ∆p1 =



V˙ A



 ·



m A



·η·αm



(3)



Filtration For practical reasons the viscosity η is very often not measured separately. Then it is legitimate to include it in a term αH η (unit mPa · s/m2 ) or αm η (unit mPa · s · m/kg), respectively. Using this latter term αH η or αm η ﬁlter resistances lie between 1011 mPa · s/m2 (ﬁltering very rapidly) and 1016 mPa · s/m2 (nearly unﬁlterable), or between 108 and 1013 mPa · s · m/kg, respectively.



Km =



m V
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(8)



this gives ∆p =



αH ηKH dV βη dV ·V · + + A2 dt A dt



(9)



αm ηKm dV βη dV ·V · + + A2 dt A dt



(10)



or ∆p =



Equations (9) and (10) are identical under the generalization αH · K H = αm · K m . Nevertheless the distinction between both equations is useful for clarity. The differential Equations (9) and (10) can be integrated either for constant ﬂow rate or for constant pressure. Integration for constant ﬂow rate dV /dt = const gives the trivial solution: Figure 4. Deﬁnition of ﬁlter resistance ηαH = Cake thickness H related ﬁlter ηαm = Solid mass related ﬁlter resistance



resistance;



∆p =



2.1.2. The “Cake Filter Equation”



V˙ A







V˙ V˙ + βη A A



m· V˙ V˙ ∆p = ∆p1 + ∆p2 = αm η· 2 + β η A A



(5)



(6)



If the suspension is homogeneously mixed, the cake height H (or m/A) will be proportional to the quantity of ﬁltrate. The concentration is described by a factor K: KH



or



(11)



α m Km ·V + β A



 (12)



αηK βη ·V ·dV + ·dV A2 ·∆p A·∆p αH ηKH βη t= ·V 2 + ·V 2A2 ·∆p A·∆p



(13) (14)



or



or



H ·A = V











dt =



(4)



where b (unit m−1 ) is the resistance of the ﬁlter medium. The total pressure drop is therefore: ∆p = ∆p1 + ∆p2 = αH η·H ·



η· V˙ · A



α H KH ·V + β A



For ∆p = const. the integration yields:



The pressure drop in a ﬁlter is composed of a pressure drop ∆p1 across the cake according to Equation (1) and a pressure drop ∆p2 across the ﬁlter medium, which can be written as: ∆p2 = β ·η·







or ∆p =







η· V˙ · A



(7)



t=



αm ηKm 2 βη ·V + ·V 2A2 ·∆p A·∆p



(15)



2.1.3. Evaluation of Experiments with Linear Diagrams Linear Diagram in the Differential Form. It is often very helpful to plot the instantaneous resistance to ﬂow as a function of the quantity ﬁltered. The resistance is characterized by the pressure drop ∆p related to the instantaneous ﬂow rate dV /dt. Using Equation (5) or (6) this can be written as: dt αH ηKH βη = ·V + dV ∆pA2 ∆pA αm ηKm βη = ·V + = b·V + a ∆pA2 ∆pA



(16)
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As shown in Figure 5 left diagram [2], interpolation gives a straight line with slope b and intercept a. The intercept a=



βη ∆p



represents the resistance at the very ﬁrst moment of ﬁltration, before a cake is formed, hence the resistance of the ﬁlter medium including the boundary layer to the cake. The slope b contains the ﬁlter resistance α according to b = slope =



  dt ∆ ∆p· dV ∆V



=



αηK A2



(17)



On the other hand Equation (20) is correct only for ∆p = const. Furthermore, the resulting diagram shows less clearly the deviations from linearity than a diagram based on instantaneous ﬂow rates. If for example a cake stops growing and keeps a constant resistance this gives a well discernible plateau in a differential diagram, but only a gradual hyperbolic bend in the integrated diagram. Example. The interpolation of the test results shown in Figure 5 leads to the intercept a and the slope b a = 3.6s/mL = 3.6 × 106 s/m3



and



Inserting K H or Km respectively, gives     dt dt ∆ ∆p· dV ∆ ∆p· dV A2 A·V · · αH η = = ∆V ∆V KH H   A dt · (18) = ∆ ∆p· dV e He



and     dt dt ∆ ∆p· dV ∆ ∆p· dV A2 A2 ·V αm η = · · = ∆V Km ∆V m   A2 dt · (19) = ∆ ∆p· dV e me



b=



28s/mL = 1.87·10−11 s/m6 150mL



Linear Diagram in Integrated Form. Another approach starts from the integrated ﬁlter Equations (14) or (15). The experimental results are plotted in the form of



(22)



The following parameters are known: Filtration pressure p = 1 bar = 105 N/m2 Filter area A = 20 cm2 = 20 × 10−4 m2 Viscosity η = 0.001 Pa · s = 10−3 Ns/m2 Cake height H e = 37 mm Cake mass me = 24.3 g Volume of ﬁltrate V e = 154 cm3 Solids in suspension KH =



A·He 20·10−4 ·0.037 = = 0.481 Ve 154·10−6



(23)



me 24.3·10−3 kg kg = · = 158 3 Ve 154·10−6 m3 m



(24)



or Km =



This gives for the ﬁlter medium resistance



t = f (V ) V



If the pressure is constant during the experiment, a straight line should be obtained t αm ηKm βη = ·V + V 2A2 ·∆p A·∆p αH ηKH b βη = = ·V + a ·V + A·∆p 2 2A2 ·∆p



(21)



β = α·



∆p·A 105 ·20·10−4 −1 m = 3.6·106 · η 103



= 7.2·1011 m−1



(25)



From Equations (18) or (19) follows the cake ﬁlter resistance (20)



This kind of plot is still very popular in practice because the evaluation is often easier than with Equation (16). Experimental values measured with a bucket and a stopwatch can be inserted directly into Equation (20), while for a differential diagram they have to be converted into momentary ﬂow rates dV /dt.



αH = b·



A2 ·∆p 400·10−8 ·105 −2 m = 0.187·1011 · KH η 0.481·10−3



= 1.56·1014 m−2



(26)



A2 ·∆p 400·10−8 ·105 −2 m = 0.187·1011 · Km η 158·10−3 m = 4.73·1011 (27) kg



αm = b·
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Figure 5. Linear plots according to Eqs. (8) and (11) [41]



Deviations from Linearity. Experimental data very often differ from the linear characteristic shown in diagrams “I” or “II” of Figure 5. The kind of deviation indicates the nature of secondary effects (see Fig. 6): – A: Theoretical linear curve without secondary effect. – B: Some solids have settled before the ﬁltration started, apparently increasing the resistance of the ﬁlter medium. – C: At the beginning of ﬁltration the ﬁltrate has been turbid. The solids loss diminishes the amount of cake, apparently indicating a negative medium resistance. (When no turbidity is found in the ﬁltrate, this curve may indicate that solids accumulate inside the ﬁlter medium, blocking it in the long run!). Similar curves may be observed when the solids ﬂoat and clear liquid is ﬁltered in the beginning. – D: The solids settle out completely, increasing the speed of cake growth. At the end of ﬁltration clear liquid ﬂows through the cake of constant resistance. – E: Only coarse particles settle. After some time only the remaining ﬁnes are ﬁltered and the resistance increases progressively. – F: Fine particles trickle through the cake and block the pores of the cake or of the ﬁlter medium. The process can perhaps be described as a blocking ﬁltration (see Section 2.2). – Further causes of deviations might be:



Determination of the beginning or the end point of ﬁltration may not be correct. The end point is particularly difﬁcult to determine if there is no sight glass in the ﬁlter. It is therefore common practice to neglect some points at the end of the measurement. Unusual properties of the suspension like foam bubbles or oil droplets, nonNewtonian rheology of the liquid or nonisometric, plate-like particles with special orientation can produce a great variety of effects. The sediment may be so voluminous that it ﬁlls the whole suspension. The process then resembles rather an expression than a ﬁltration (Section 4.2). Freshly precipitated solids sometimes continue to agglomerate or to “ripen” during ﬁltration, changing their effective particle size.



2.1.4. Compressible Cake Filtration Most ﬁlter cakes are compressible, which means that their resistance increases with growing pressure. An x-fold increase in ﬁltration pressure therefore normally gives rise to a less than xfold increase in ﬂow rate. The compression of the cake is caused by the compressive stress ps on the solids which is caused by the drag of the ﬂowing liquid (see Fig. 7). The loss in liquid
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Figure 6. Typical deviations from linearity [41] A) Differential plot according to Eq. (16); B) Integral plot according to Eq. (20)



pressure pL translates into solids pressure pS , the sum of both being constant: ∂ pS = −∂ pL



(28)



pS + pL = p0



(29)



However, only the average resistance αav of a ﬁlter cake, all layers combined, is important for practical scale-up purposes. It can be calculated from αloc measured in the CP-cell [3] αav =



p 0



∆p



(30)



dp αloc



Normally however it is much easier to measure αav directly with ﬁltration experiments in a pressure ﬁlter as described in Section 7.1. The uneven distribution of local porosity and ﬁlter resistance is then ignored. The dependence of ﬁlter resistance αav or αloc on pressure can be approximated over a limited pressure range by  α = α0 ·



Figure 7. Hydraulic pressure pL and solids pressure pS as function of cake height. Curve (a) represents a more compressible cake than curve (b)



The local ﬁlter resistance αloc in the cake is a function of the local compressive stress pS and it is therefore low at the surface of the cake and high near the interface with the ﬁlter medium. This αloc = f (pS ) can be measured in the Compression Permeability cell (CP cell) described in Chapter 7, where a sample of the cake is subject to a known compressive stress.



pS unitpressure



n (31)



where α0 is the resistance at unit pressure drop and n is a compressibility index (equal to zero for incompressible cakes). Both parameters can be determined easily from a logarithmic plot α = f (pS ), where the slope indicates the compressibility factor n. Introducing αloc according to this approximation into Equation (19), it can be shown that for 0 < n < 1 nav = nloc



(32)



α0,av = (1 − n) ·α0,loc



(33)



Thus the approximation Equation (31) has the advantage that it applies to both the local and the average resistance. However, such an approximation is valid only for a limited range of pressures and Equations (32) and (33) are restricted to 0 < n < 1.



Filtration Tiller and coworkers [4] give an integration of the ﬁlter equation also for n > 1. According to their equations the ﬂow rate quickly reaches a constant value with increasing pressure. For practical purposes it can be approximated that such “supercompactible” ﬁlter cakes with n > 1 (e.g., a great number of waste water sludges) yield the same ﬂow rate independently of the pressure applied: increasing pressure only increases the compressed layer adjacent to the ﬁlter cloth. (The hypothetical cake which yields the highest ﬂow at an “optimal pressure” and less ﬂow at higher pressures apparently does not exist. In practical application, however, the output of a ﬁltration may be best with moderate pressure, since this avoids excessive blocking of the ﬁlter medium). For practical purposes Equations (31) – (33) are often ignored and compressible cakes are treated with the same equations as incompressible cakes, provided α is deﬁned as average speciﬁc cake resistance under the conditions of operation. Concerning deliquoring of compressible cakes, it is important to know that the porosity is unevenly distributed after ﬁltration. The ﬁlter resistance often is concentrated in a thin, compressed layer facing the ﬁlter medium, the rest of the cake being very porous and wet. Deliquoring by expression (see Section 4.2) will then be very effective, even at moderate pressures, since it acts also on the upper layer of the cake.



2.2. Blocking Filtration and other Modes of Filtration According to the idealized idea of blocking ﬁltration, every particle in the suspension is retained on the ﬁlter medium and blocks one pore. The remaining number of open pores is then given by the equation N (t) = N0 (1 − KN ·VL )



(34)



where N 0 is the number of pores in the clean ﬁlter medium, N(t) is the remaining number of open pores and K N (m−3 ) is the concentration of particles by number in the suspension. At constant pressure drop the volume of ﬁltrate V (t)∆p = const will follow the equation [5] V (t) =



  1 



· 1 − exp −KN · V˙ 0 ·t KN



(35)
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with V˙ 0 (m3 /s) being the ﬂow rate at the start of ﬁltration with a clean ﬁlter medium. In real ﬁltration processes not every particle in the suspension will block a pore of the ﬁlter medium. Some particles will be retained by adhesion to the walls of a pore without blocking it totally; others will pass through the ﬁlter medium without being retained at all. Different formulae (or “ﬁltration laws”) exist to describe such moderate blocking. A generalized model is based on the equations d2 t = const· dV 2







dt dV



q (36)



for constant pressure ﬁltration and d (∆p) = const· (∆p)q dV



(37)



for constant rate ﬁltration. The exponent q in this equation varies between 0 and 2 and describes the “blocking speed”: q = 0 cake ﬁltration, slow blocking q = 1 so-called intermediate ﬁltration q = 3/2 so-called standard blocking ﬁltration q = 2 complete blocking. A summary of the corresponding equations for ﬂow rates and ﬁltrate quantities is given in [6], [7]. Figure 8 visualizes some examples: Surface straining represents the classical example of complete blocking (q = 2), but also depth straining follows the same characteristic. Normal depth ﬁltration in contrast (with particles much smaller than the ﬁlter pores) leads to pressure drop by diminishing pore size and can be described by the standard blocking equation (q = 3/2). In most ﬁltrations it is highly probable that more than one ﬁltration mode occurs. Cake ﬁltration for example often is preceded by an initial period before cake build-up which can be described as standard blocking. This period is characterized by depth ﬁltration (particles penetrating into the ﬁlter medium) and/or by ﬁnes passing through the ﬁlter medium (creating initial turbidity of the ﬁltrate). For scientiﬁc investigations it may then be helpful to identify the ﬁltration mechanism more precisely by parameterﬁtting the experimental data and quantifying the above-mentioned “blocking speed”.
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Filtration is “Boucher’s ﬁlterability index”. If J = 1 Equation (38) and (39) are identical to an “intermediate ﬁltration” with q = J = 1. For other values of J however the physical meaning of J is unclear. For scientiﬁc purposes this approach is therefore not so well accepted. For practical purposes, however, it is very useful.



2.3. Deep Bed Filtration [9], [10] In deep bed ﬁltration (as opposed to cake ﬁltration and cross-ﬂow ﬁltration), the solid particles are separated mainly by deposition within the pores of the ﬁlter medium. The ﬁlter medium may consist of – a 0.5 – 3 m layer of coarse grains (e.g., sand 0.3 – 5 mm) or – a layer of a few centimeters of ﬁbers (e.g., wound or resin bonded cartridge ﬁlters) or – sheets of a few mm thickness (e.g., made of cellulose). – a layer of granular ﬁlter aid (e.g., precoat layer) Figure 8. Three possible modes of ﬁltration: Surface straining and depth straining are described as “complete blocking” (q = 2). Depth ﬁltration of particles much smaller than the pore size is best described as “standard blocking” (q = 3/2) [6]



Simpliﬁed Evaluation of Experimental Data. A very pragmatic approach is often used to describe the mode of ﬁltration. The pressure drop at constant ﬂow rate is depicted on a semilogarithmic scale as a function of the volume ﬁltered. Normally the values can be approximated by a straight line according to [8]



All these ﬁlter elements have pores that are larger than the particles to be retained. The particles stick in the pores by adhesion and their accumulation weakens the ﬁltering action and increases the pressure drop, so that the ﬁlter must be cleaned or replaced periodically. This is why deep bed ﬁltration should be used not to recover solids from a suspension such as cake ﬁltration, but instead to produce a very clean efﬂuent from suspensions with low solids loading (typically < 0.1 g/L) and with very ﬁne particles. Depending on the particle size, the prevailing effects of retention are summarized in Figure 9:



(39)



1) Particles larger than the pores are trapped mechanically. This is typically true for particles  10 µm. 2) Particles 1 – 10 µm in diameter hit the solid surface mainly due to inertia effects and stick there due to surface forces. 3) Particles < 0.1 µm reach the solid surface mainly because of diffusion and again they stick there due to surface forces.



Here p0 is the initial pressure drop of the clean ﬁlter; and the gradient J, which represents something like the above-mentioned blocking speed,



In the range between 0.1 and 1 µm the effects of both inertia and diffusion are small and a minimum in transport and hence in the effectiveness of deep bed ﬁlters is observed.



 log



p p0



 = −J ·VL



(38)



For the ﬂow rate at constant pressure drop the same approximation holds  log



V˙ V˙ 0



 = −J ·VL
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Figure 9. Retention mechanisms in a deep bed ﬁlter a) Particles > 10 µm are retained by mechanical interception; b) Particles of ca. 1 µm size are subject to inertial impact + adhesion; c) Particles 0.1 µm in size. In steady-state cross-ﬂow ﬁltration these particles are conveyed onto the membrane by convection due to the ﬁltrate ﬂow and transported away from it by hydrodynamic lift forces due to the parallel shear ﬂow (forces F Y and F L in Fig. 11). For particles below a certain size the lift force becomes smaller than the convection, F L < F Y , and they are deposited on the membrane [14]. After deposition they are retained by van der Waals’ adhesion forces F A and not easily swept away even if there is no ﬁltrate ﬂow (irreversible cake formation). Steady state microﬁltration therefore requires a



Figure 11. Forces and transport effects onto a particle in cross-ﬂow ﬁltration Br = Brownian motion; F A = adhesion to the membrane; F D = drag from the cross-ﬂow; F F = friction force; F L = hydrodynamic lift force; F Y = drag from then ﬁltrate ﬂow



Ultraﬁltration retains colloidal particles or macromolecules. The cut-off sizes are ca. < 0.1 µm. Such particles are subject to Brownian diffusion (Br in Fig. 11) and only weakly inﬂuenced by the hydrodynamic lift force [15]. The smaller these particles are, the more they are transported away from the ﬁlter medium by diffusion. This is why in ultraﬁltration the smaller particles are preferably swept away and the bigger ones are collected on the membrane (contrary to microﬁltration). The cut-off size of an ultraﬁltration is usually deﬁned as the molar mass (in g/mol) of a test suspension (generally protein or dextran molecules of deﬁned molar mass in the range of 103 – 105 g/mol). In practical application the cut-off size depends not only on the pore size of the membrane, but to a large degree on a “gel” layer on the membrane consisting of retained colloids. Nanoﬁltration is a relatively new technique combining features of ultraﬁltration and reverse osmosis with a high selectivity. Its name is derived from its approximate cut-off size of some nanometers or more exactly molar masses of 200 – 1000 g/mol. This is achieved with special nanoﬁltration membranes which still have pores of a deﬁned size, but their retention depends
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on the electrostatic charge of the molecules to be separated (bivalent anions are typically retained). Reverse osmosis retains molecules or ions using selective membranes without pores. Certain molecules permeate through the membrane because they are soluble in the membrane material. Other molecules are not (or less) soluble and are retained (or concentrated) on the upstream side of the membrane. A particular feature of reverse osmosis is the high pressure required to overcome the osmotic pressure of the retained molecules. An important application is desalination of seawater. In the food industry it is applied to concentrate juices at low temperatures.



Curve 3 is still more realistic; taking into account that a ﬁlter cake contains stagnant zones or dead-end pores, that are not reached by the ﬂow. They deliver their contaminant content by diffusion to the efﬂuent. Diffusion is an asymptotic process and depends on the time elapsed, not on the quantity of liquid. This curve is typical for most washing processes. The ﬁrst part depends on the “wash ratio”, the end however is an asymptotic process depending on time. When the curves 1, 2 and 3 were drawn, it was supposed that the mass m of contaminant eliminated was contained in the pore volume V pore . The integral below the curves is therefore the same for all three curves: ∞ m=



3. Washing of Filter Cakes 3.1. Basic Effects, Mass Balances The purpose of washing is to remove the mother liquor left behind in the cake after ﬁltration when this liquid is regarded as contaminant or must be recovered as a valuable component. Wash liquid ﬂows through the ﬁlter cake and displaces the mother liquor, a mixture of both liquids leaving the cake as a wash ﬁltrate. The concentration in this ﬁltrate may help to explain some basic facts. In Figure 12 this concentration is reported as a function of the ﬁltrate volume V . In the beginning it is c0 = 1 (concentration of contaminant in the mother liquor). Four characteristic curves are reported: Curve 1 represents the idealized piston ﬂow. The pore volume V pore is ideally displaced and leaves the cake with the concentration c0 = 1. In this idealized case the washing would be ﬁnished with a quantity of wash liquid V w equal the pore volume or a “washratio =



Vw =1 Vpore



(43)



Curve 2 takes into account that even in an idealized cake the ﬂow passes through streamlines with different lengths and speeds. Because of this “axial dispersion” the required wash volume is several times the pore volume or “washratio =



Vw >1 Vpore



c·dV = c0 ·Vpore



(45)



0



(44)



Curve 4 ﬁnally depicts an example where the washing resembles an extraction (→ Liquid – Solid Extraction) because the contaminant is not contained in the pores only, but also in the solid (liquid inclusions or soluble solid matter). The integral under curve 4 is therefore not related to the pore volume V pore but to a higher total quantity of contaminant. Theoretically such curves could be used to determine the residual mother liquor content in the cake from analyses of the ﬁltrate. In practice this is impossible since the required residual contents in the cake are much smaller than the precision of such a mass balance. Nevertheless analyses of the ﬁltrate are often used to judge the progress of washing. This is possible if an empirical correlation between the two concentrations in the ﬁltrate and in the cake exists for the particular process. The validity of such empirical correlation is, however, restricted to the particular equipment and operating parameters.



3.2. Example of Experimental Results An illustrative example of a washing process is given in Figure 13 A and B [16]. A kaolinite suspension contaminated with NaCl was ﬁltered to varying cake thickness and washed with varying quantities of water. After every test the residual salt content in the cake was measured and the results are reported as a function of washing time
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Table 1. Typical parameters of cross-ﬂow ﬁltrations Microﬁltration



Ultraﬁltration



Nanoﬁltration



Cut-off size



> 100 nm



Transmembrane pressure Permeate ﬂow Cross ﬂow speed Important mechanism of retention Important mechanism of transport



0.02 – 0.5 MPa 50 – 1000 L m−2 h−1 2 – 6 m/s screening by the pores of the membrane hydrodynamic lift force



10 – 100 nm > 1 nm 200 – 103 g/mol 103 – 105 g/mol 0.2 – 1 MPa 0.5 – 3 MPa < 100 L m−2 h−1 < 100 L m−2 h−1 1 – 6 m/s 1 – 2 m/s screening by the membrane electrostatic repulsion and and the gel layer screening back-diffusion back-diffusion



Reverse osmosis < 103 g/mol 2 – 20 MPa 10 – 35 L m−2 h−1 < 2 m/s solubility and diffusion in the membrane back-diffusion



Figure 12. Concentration of contaminant in the efﬂuent of a ﬁlter cake during washing a) Idealized piston ﬂow; b) Effect of axial dispersion; c) Effect of diffusion from dead-end pores; d) Effect of contaminant extracted from the solid



Figure 13. Residual concentration of salt in ﬁlter cakes of kaolin. The same test results are reported either as a function of the quantity of wash water (A) or as a function of washing time (B) [16]
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and of wash ratio. (In contrast to Fig. 12 the wash ratio is related to the solids mass, not the pore volume. Also the residual content of the cake is reported, not the concentration in the ﬁltrate.) Figure 13 A shows how at the very beginning of the washing process the residual concentration depends on the wash ratio, disregarding the cake thickness. In this example this is true up to the dash-dotted line which corresponds to less than a one-fold displacement of the pore volume. As the wash ratio increases to several times the pore volume, the mechanism of axial dispersion becomes more important, and the effect of a given quantity of wash liquid becomes better for thick cakes than for thin ones. Figure 13 B shows how at the end of an experiment the washing time is the most relevant parameter for the result. In this example this seems to be true below a residual concentration of



in changing size and positions even in cakes with no visible ﬁssures or shrinkage. This is not surprising because the contact forces between the particles change dramatically when the ion content of the surrounding liquid is washed off (see Section 6.2). The phenomenon has not yet been investigated thoroughly, but its stochastic effects on the washing results should be similar to the above-mentioned “ﬁngering”.



c ≈ 10−3 c0



3.3. Test Procedures and Pitfalls As can be seen in Figure 13, washing of ﬁlter cakes gives scattering results even under laboratory conditions. This explains why only few experimental results are found in the literature: many experimentators are discouraged by inconclusive test results and never publish them. The reason of scattering results are stochastic inﬂuences: Fingering. In most washing processes the wash liquid has a lower viscosity than the mother liquor. It tends to ﬂow through the cake in ﬁngerlike streams past isles of viscous ﬂuid, as shown in Figure 14 [16]. This is a stochastic process, and the local concentration in the cake and the momentary concentration in the efﬂuent will vary stochastically. Scale-up from a laboratory test ﬁlter with only small-scale ﬁngering can be misleading as well as the results of few small samples taken from a big cake. Instabilities, Shrinking. If small electrodes are placed in a ﬁlter cake during the washing process, they indicate wildly varying local conductivity. This reveals the existence of small cracks



Figure 14. Visualization of “ﬁngering” ﬂow in a transparent laboratory nutsche ﬁlter. A wash liquid of lower viscosity displaces dark mother liquor [16]



If shrinking during washing presents a serious problem, it can be helpful to reslurry the cake in wash liquid and ﬁlter it again. Many nutsche ﬁlters (see Section 8.8) are used this way. The second cake (with less ions in the liquid during cake build-up) is often less porous and less prone



Filtration to shrinking (but also less permeable) than the original one. In order to get meaningful results from washing experiments in spite of all these pitfalls, the following procedure is useful (see Fig. 15). Wash liquid ﬂows at constant pressure through the cake. The quantity of ﬁltrate and its composition are recorded automatically. Often the pH and the conductivity Q of the ﬁltrate are used as indicators for concentration; sometimes its color may be more informative. The washing is continued until the ﬁltrate reaches a pre-set criterion for purity (chosen according to some preliminary experience so that cake purity is near to the required speciﬁcation). At this point the ﬂow of wash water is automatically stopped. This should be done automatically, since it will probably happen during the night. The next morning, the cake is deliquored by air blowing and its residual content is analyzed. In small-scale experiments the whole cake should be analyzed, in large-scale experiments several samples must be taken from different parts of the cake.
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amount of mother liquor to be washed out. Sometimes however this “intermediate” deliquoring has detrimental effects: If deliquoring is done by gas pressure, cracks may appear which let pass the washing liquid (see Section 4.1.5). In this case any deliquoring before the washing has to be avoided carefully. On belt ﬁlters (see Section 8.2) an overlap of ﬁltering and washing zones is therefore often accepted, even if mother liquid and wash liquid get mixed. Some nutsche ﬁlters (Section 8.8) have even been equipped with optical sensors to avoid premature deliquoring [17]. They measure the light reﬂected by the liquid surface and detect when the cake surface runs dry, so that the gas pressure can be released before cracks appear. If deliquoring is done by compression (see Section 4.2), the cake may get rather impermeable. Thus, according to a rule-of-thumb the applied pressure should be raised monotonously during the sequence of ﬁltering – intermediate deliquoring – washing – ﬁnal deliquoring, i.e., the squeezing pressure for intermediate deliquoring should be lower than the pressure for washing.



4. Deliquoring of Filter Cakes 4.1. Deliquoring by Gas Pressure



Figure 15. Test arrangement for washing test



The following results must then be evaluated: – The required washing time, – The required quantity of wash liquid, and – The resulting purity of the cake. Each of these criteria taken alone will scatter stochastically, but all three together will often allow a meaningful interpretation.



3.4. “Intermediate” Deliquoring before Cake Washing Normally it is advantageous to deliquor the cake partly before washing, thus reducing the



The moisture in the pores of a ﬁlter cake can be displaced by gas ﬂowing through the cake under pressure. The residual saturation with moisture as a function of time then asymptotically approaches a ﬁnal equilibrium value as represented in Figure 16. Thus, an equilibrium is established with regard to mechanical displacement of the liquid. Thermal drying by airﬂow will of course further reduce the moisture down to total dryness if the air ﬂows long enough. But generally thermal effects are small as compared with mechanical effects because of the comparably small mass of air ﬂowing through a ﬁlter cake [18]. The ﬁnal “equilibrium” moisture for mechanical dewatering depends on the nature of the cake and the applied pressure difference. The initial deliquoring speed however depends in addition on the cake thickness. For both values the ﬂow rate of gas is apparently without importance, if
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it is not to produce the pressure difference. In the next sections ﬁrst the equilibrium conditions will be examined.



Figure 16. Deliquoring by gas pressure – residual saturation as a function of time



4.1.1. Equilibrium Saturation of Filter Cakes



pci =



A plot of saturation of the cake versus pressure difference in an equilibrium state is called a capillary pressure curve. It can be measured in a device according to Figure 17 [19]. The saturated ﬁlter cake (b) is placed in the ﬁlter (a) on a semipermeable membrane (c) (the membrane is permeable for liquid, but it is impermeable for gas at the applied pressure). Gas pressure is applied via port (e). The quantity of liquid displaced from the cake is drained by the valve (d) and collected. (The standpipe is used to obtain an exact liquid level when the pressure gauge is adjusted to zero). A typical capillary pressure curve is shown in Figure 18 (incompressible cake of glass beads with a mean diameter of 79 µm and water). Starting from the completely saturated cake (S = 1) the gas pressure is slowly increased, at each set point the equilibrium is established and the quantity of displaced liquid is registered, yielding a point of the deliquoring curve. Liquid is displaced from the pores when the pressure exceeds a certain threshold pressure. This is the capillary entry pressure pce (in this example 0.062 bar). Each time when a pore is emptied, the gas pressure overcomes the capillary pressure at the neck of the pores with a diameter d pore,neck : pce =



4·σ·cosδ dpore,neck



down to an irreducible saturation S ∞ after inﬁnite time beyond which no further reduction is reached. This corresponds to the amount of liquid, which is trapped in isolated domains within the cake. Figure 18 also shows the imbibition curve. When the pressure is reduced again, and provided the bottom of the cake is still in contact with the expelled liquid, then the cake will be reimbibed by capillary suction. At equal moisture content the suction pressure will be smaller than the capillary pressure difference for deliquoring. This is easily explained because the capillary pressure for imbibition depends on the larger “waist”-diameter of the pores (see Fig. 18):



(46)



Further increase of the pressure displaces liquid from ﬁner pores and reduces the moisture



4·σ·cosδ dpore,waist



(47)



Also imbibition does not go to full saturation, because some air remains trapped in the pores. The following conclusions can be drawn from the capillary pressure curve: 1) Deliquoring is caused by pressure difference between gas and liquid. Gas ﬂow is normally required to maintain this pressure difference, but not for the deliquoring itself. No gas ﬂow is necessary if the cake is placed on a semipermeable membrane, which is impermeable for gas. (This principle can also be used technically for dewatering without gas ﬂow [20]). 2) A certain threshold pressure must be exceeded before liquid is displaced from the pores; this is the capillary entry pressure pce . This implies technical consequences: Vacuum ﬁlters are restricted to pressure differences < 1 bar. This means that cakes cannot be deliquored by suction if their pce is near or above this limit. A pressure ﬁlter with ∆p> 1 bar has to be considered for such cakes, even if its installation is much more expensive than that of a vacuum ﬁlter. Theoretically suction can dewater ﬁlter cakes with pores > ca. 3 µm: with pure water and a small contact angle (δ ≈ 0) Equation (46) yields p = 1 bar for d pore = 2,9 µm. Filter cakes of submicronic particles like wastewater sludge have such a high capillary entry pressure that their pores cannot be dewatered mechanically: with pure water and a small
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Figure 17. Test installation for measuring the capillary pressure pk [19] a) Filter vessel; b) Filter cake; c) Semipermeable membrane; d) Draine; e) Entry for gas



contact angle Equation (46) yields p > 10 bar for d pore < 0.29 µm.



Figure 18. Example of a capillary pressure curve for imbibition and for deliquoring [19]



4.1.2. Kinetics of Deliquoring by Gas Pressure In most cases there is no semipermeable membrane below the cake but a “normal” ﬁlter medium that is permeable for gas, like a ﬁlter cloth. Gas and liquid ﬂow simultaneously through the cake. The gas exerts capillary pres-



sure onto the adjacent liquid and both gas and liquid ﬂow in the same direction, however with different speeds and different pressures (the local pressure difference between gas and liquid is equal to the local capillary pressure). The difference in saturation between bottom and top of an incompressible ﬁlter cake is normally rather small, see Figure 19 left. This is in contrast to the deliquoring by gravity (or by a centrifugal ﬁeld), shown in Figure 19, right. In this latter case always a saturated bottom layer exists, corresponding to the capillary suction height of the cake. Even in equilibrium this layer remains saturated. Sometimes this height is negligibly small. In scraper-type centrifuges (→ Centrifuges, Filtering) for example, the saturated bottom layer must in any case be smaller than the residual layer which the scraper does not remove. The permeability of a completely saturated cake is the same if either liquid or gas ﬂows through the pores. When, however, gas and liquid ﬂow simultaneously through the cake, the pores ﬁlled with liquid and the pores ﬁlled with gas form two separate capillary systems, each of them with reduced permeability. The local permeabilities (for liquid or air) in relation to the permeability of the saturated cake are called “relative permeabilities” k rel . They depend on the local saturation of the cake and can be represented as: for the wetting ﬂuid (the liquid)
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Figure 19. Kinetics of deliquoring by gas blowing (left) and by gravity or a centrifugal ﬁeld (right)



krel,w



kw α = = k αw



(48)



for the non-wetting ﬂuid (the gas) krel,n =



kn α = k αn



(49)



Such relative permeabilities are shown schematically in Figure 20 as a function of cake saturation [21]. The permeability for the liquid (the wetting phase) declines to zero at a ﬁnite saturation. This value corresponds to the irreducible saturation S ∞ . At the other extreme the ﬂow of air ceases when the saturation is above 90 %. Some of the voids are ﬁlled with air without allowing an appreciable airﬂow.



are known, the local values of capillary pressure, gas permeability, and liquid permeability are deﬁned as functions of the local saturation. The deliquoring kinetics by gas ﬂow can then be described mathematically. The resulting system of interdependent differential equations is however extremely complex and not suited for practical application. For scientiﬁc purposes approximate solutions have been veriﬁed by comparing them to experiments [19]. 4.1.3. Approximate Solution for Coarse, Incompressible Cakes For the particular case of incompressible cakes with threshold pressures much smaller than the applied gas pressure pce  p (hence for rather coarse solid particles), Wakeman has described the process of deliquoring by gas pressure by three dimensionless parameters [22]: reduced saturation SR =



S 1 − S∞



(50)



dimensionless time Θ=



pce ·t αH ·η·H 2 · (1 − S∞ ) ·ε



(51)



dimensionless pressure difference ∆P = Figure 20. Relative permeability as a function of saturation [21]



If the curves for capillary pressure and for the relative permeabilities as a function of saturation



pentry pexit − pce pce



(52)



According to this approach, the cake is characterized by its porosity e, the ﬁlter resistance αH (of the saturated cake) and the capillary pressure curve which itself is approximately described by



Filtration the capillary entry pressure pce and the “irreducible” saturation S ∞ (see Fig. 18). The relative permeabilities are described by generalized interpolation formula. With these approximations the residual saturation and the theoretical gas ﬂow rate can be read from the dimensionless charts, shown in Figures 21 and 22. An example how to apply these charts is given in [23]. However, the validity of these charts is limited to pce  p and to incompressible cakes. Also the gas ﬂow rate indicated on the chart does not take into account the possibility of cracks in the cake which can increase the gas ﬂow tremendously (see Section 4.1.5).



Figure 21. Reduced cake saturation vs. dimensionless time [23]
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4.1.4. Practical Scale-Up of Deliquoring by Gas Pressure The deliquoring kinetics are normally investigated by measuring the residual moisture as a function of cake thickness, blowing time, and pressure difference. The results are interpolated to give the parameters necessary for scaleup. Extrapolation beyond the investigated range of cake thickness, blowing time, and pressure should be avoided. In addition it is important to measure and to scale-up the gas ﬂow from realistic experiments, since in most cases the capacity of the compressor is the limiting factor, not the pressure. Particular attention has to be paid to the possible formation of cracks. In case of doubt, a ﬁlter test with sufﬁciently large ﬁlter area is recommended, because the cracks may not be pronounced and obvious on a small laboratory ﬁlter. Typically the cracks appear at a characteristic liquid saturation which then represents the limit for deliquoring by gas blowing with technically reasonable gas ﬂow rates (see Section 4.1.5). Interpolation of the test results with a minimum of tests is made easier if the residual moisture is reported as a function of a dimensionless time Θ. The results from a given kind of ﬁlter cake are then supposed to ﬁt approximately a straight line in a logarithmic chart. As a ﬁrst approach, when nothing is known about the deliquoring behavior of the cake, the experimental values are reported as a function of Θ0 =



∆p·t ∆p·t ≈ const· η·H · (α·H + β) H2



(53)



Here ∆p = pentry − pexit is the pressure difference applied. This approach gives generally good results for centrifugal dewatering, as shown in Figure 23 (the pressure difference being calculated from the centrifugal force) [24]. For dewatering by gas blowing, the ﬁt is however often unsatisfactory (see Fig. 24) [24]. A dimensionless time taking into account the capillary entry pressure pce will always permit a good ﬁt. Two equations are proposed in the literature [24]:   ∆p·t pce pentry · 1− · η·H · (α·H + β) pexit ∆p   ∆p·t pentry pce ≈ const· · · 1− H 2 pexit ∆p



Θ1 ≈ Figure 22. Reduced air (gas) ﬂow rate vs. dimensionless time (Wakeman and Purchas 1986; reproduced from [23])



(54)
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and [25] 



∆p·t 2 pce · · 1− α·η·H 2 ε ∆p   ∆p·t pce ≈ const· 1 − H2 ∆p







Θ1 ≈



(55)



Here pentry and pexit are the pressures applied above and below the cake and pce is the capillary entry pressure. This pce is not measured, but derived as a “best ﬁt” to the experiments (this is why the ﬁt is generally rather good, see Fig. 25 [24]). 4.1.5. Shrinking and Cracks in Filter Cakes Deliquoring of compressible ﬁlter cakes by gas pressure very often produces cracks in the cake, a problem of great practical impact. The mechanism of crack formation is represented in Figure 26. During ﬁltration the viscous forces from the ﬂowing liquid compress the cake. As described in Section 2.1.4, only the layer near the ﬁlter medium is subjected to the full amount of pressure, while the “upper” layer of the cake remains uncompressed and porous. When ﬁltration is ﬁnished, the liquid surface reaches the cake surface. Before gas enters into the capillaries of the cake, the capillary entry pressure pce must be overcome. The surface tension of the liquid thus exerts a pressure p ≤ pce onto the cake, comparable to an elastic membrane spread over the cake. As long as pce is not exceeded, the cake is compressed monoaxially like by action of a piston, the cake thickness is reduced, but no cracks appear. However, when pce is exceeded, gas penetrates into the largest capillaries, and the solid structure is compressed by lateral forces. This may lead to lateral compression of the cake and hence to cracks. The criterion for cracks to occur thus probably depends on the lateral compressive strength of a cake after monoaxial consolidation. But until now the precise mechanism of crack formation is not understood and the great variety of crack patterns shown in Figure 27 [26] cannot be explained. Cracks in a ﬁlter cake are very detrimental to further deliquoring and also to subsequent washing (see Section 3.4) because gas and wash liquid ﬂow through the cracks without great resistance and without effect. The only sure remedy against cracks is compression of the cake before



gas blowing. When the remaining “shrinking potential” (this is the remaining shrink when the cake is reduced to total dryness) is small enough, no cracks will appear anymore [27]. Some ﬁlters are equipped for this purpose with membranes or with pressure belts (see Sections 8.6 and 8.10). According to a proposal of Shirato and coworkers this compression can also be achieved by adding a layer of very ﬁne material (hence a cake layer with high pce ) onto the surface of the cake [28]. Some remedy against cracks is also possible with nutsches equipped with agitators (see Section 8.8). With their paddles they smear over the surface of the cake during deliquoring so that the cracks are closed as soon as they appear. This does, however, not eliminate the cracks totally but only down to a certain depth below the surface of the cake, so that some cracks can exist invisibly below the surface. Without such equipment the formation of cracks can be reduced (but only to a very limited degree) if the cake is formed with high ﬁnal ﬁltration pressure, and hence with somewhat less porosity.



4.2. Deliquoring by Expression When soft ﬁlter cakes are compressed, the void volume of the cake is reduced by expelling liquid, while the voids remain saturated with liquid. Such compression often is applied in combination with a subsequent deliquoring by gas pressure; it reduces the subsequent gas ﬂow and prevents the formation of cracks (see Section 4.1.5). But there are many applications where deliquoring by gas pressure is not possible, and expression is the only way to reduce the liquid content by mechanical means. Classical examples for applications of mechanical forces are juice and oil pressing from fruits and also the dewatering of wastewater sludge in membrane ﬁlter presses (see Section 8.10) or in pressure belt ﬁlters (see Section 8.2). Such sludges form ﬁlter cakes with very high capillary entry pressure pce so that deliquoring by gas blowing is technically not feasible. Mathematical description of expression generally starts from modiﬁcations of the Terzaghi model for soil mechanics. The ratio of liquid collected to the amount of liquid, which can be expressed, is [29]
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Figure 23. Residual saturation of ﬁlter cakes dewatered by centrifugal force as a function of dimensionless time Θ0 [24]



Figure 24. Residual saturation of ﬁlter cakes dewatered by gas blowing as a function of dimensionless time Θ0 [24]



Figure 25. Residual saturation of ﬁlter cakes dewatered by centrifugal force as a function of the modiﬁed dimensionless time Θ1 [24]



Uc =



H1 − H (t) = 1 − B ·exp (−C ·t) H1 − H∞



(56)



where U c is the consolidation rate, H(t) the cake thickness, H 1 the original cake thickness and H ∞ the thickness after inﬁnite time. B and C are “creep” constants and t c is the consolidation (= compression) time. A comparison of



different compression models can be found in [30].



5. Optimal Cycle Time When sizing a ﬁlter installation, the right cycle time has to be chosen (example: the same task
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Figure 26. Formation of cracks by gas blowing through a compressible cake



Figure 27. Patterns of shrinking cracks [26]



can be performed in a small ﬁlter which must be cleaned frequently or a bigger one with longer cycles). With a long ﬁltration time the ﬁlter cake becomes thick and the ﬂow rate per ﬁlter area declines. On the other hand for very short ﬁltration the downtime for frequent cleaning will reduce the capacity. This leads to two questions: (1) What is the optimal cycle time with the highest overall throughput? (2) What is the optimal cycle time with the lowest overall cost? 1) Figure 28 shows the quantity of ﬁltrate produced as a function of time. Before the start of ﬁltration a time t reg is needed for regenerating the ﬁlter (extracting the cake from the previous cycle, cleaning the ﬁlter, rearranging the ﬁlter elements, etc.). The high-



est overall throughput is obtained when the straight line from the start of this regeneration to the end of ﬁltration is tangential to the yield curve. In other words: the ﬁltration should be stopped when the instantaneous ﬂow (as indicated by a ﬂow meter) falls below the mean throughput according to the deﬁnition: V˙ mean =



V t + treg



(57)



This criterion can for example be implemented in a computerized process control. For design purposes it can be useful to calculate the optimal cycle time in advance. For this purpose a rule-of-thumb will be derived
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assuming cake ﬁltration and negligible resistance of the ﬁlter medium (β = 0). The quantity of ﬁltrate according to Equations (14) or (15) is then V = c1 ·t1/2



(58)



and Equation (57) becomes c1 ·t1/2 V˙ mean = t + treg



(59)



The highest V˙ mean is obtained if the ﬁltration is stopped at t opt , which is deﬁned by the differential equation d dt







1







=0=



V˙ mean



1 −1/2 ·t 2c1 opt treg −3/2 − ·t 2c1 opt



Figure 28. Optimal cycle time derived from the yield curve. t opt,1 for maximal ﬂow per time and t opt,2 for maximal yield per cost



(60)



This leads to the rule-of-thumb for maximum throughput: topt,1 = treg



(61)



2) Quite analogous considerations are valid for the optimal cycle time in terms of cost per quantity ﬁltered. During ﬁltration, the running cost is proportional to time (capital cost and pumping energy), cost = c2 t. In Figure 28 all costs are converted with this proportionality factor c2 into an equivalent running time: t = cost/c2 . Regeneration represents a considerable cost, including downtime, labor, new ﬁlter elements, and disposal of waste. If this cost is called creg , the mean speciﬁc cost is cost c2 ·t + creg = ﬁltrate V



(62)



With the approximation of Equation (58) this is cost creg −1/2 c2 1/2 ·t + ·t = ﬁltrate c1 opt,2 c1 opt,2



(63)



Figure 29. Filter resistance vs. particle size The range of usual values is compared to the calculated lines according to Carman – Kozeny, Equation (66)



These rules have been derived here for constant pressure ﬁltration. They can also be derived for ﬁlter runs with different but constant ﬂow rates until a pre-set ﬁnal pressure. Practitioners therefore apply the rule-of-thumb rather generally (e.g., also for ﬁltration with a pump with a characteristic curve anywhere between constant pressure and constant ﬂow).



The minimum is deﬁned by d dt







cost ﬁltrate







=0=



c2 −1/2 ·t 2c1 opt,2 creg −3/2 ·t − 2c1 opt,2



(64)



As result the rule-of-thumb for maximal yield per cost is obtained: c2 ·topt,2 = creg



(65)



or “cost for the ﬁlter run = cost for regenerating the ﬁlter”.



6. Understanding the Filter Resistance 6.1. The Equation of Carman and Kozeny The resistance α of a ﬁlter cake depends on the size and number of pores in the cake. In a ﬁrst
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approximation it can be related to the size of particles and the porosity of their arrangement according to the classical Kozeny equation [31]. (The theoretical basis of the Kozeny equation is subject to criticism, see for example [32], nevertheless the Kozeny equation is a very useful approximation. More recent correlations are given in [33].) For spherical particles this equation is: αH ≈ 5·



2



(1 − ε) ·36 ε3 ·d2S



(66)



where ε is the porosity of the cake and d S is the Sauter mean diameter of the particles, i.e., the diameter giving the same speciﬁc surface. The ﬁlter resistance resulting from this equation is depicted in Figure 29 as a function of particle size d S and porosity ε. In practical applications the ﬁlter resistances cover a very wide range of porosity. Fine particles, especially dry dust, often form cakes with surprisingly high porosities (see Fig. 30). The same quantity of powder (ﬁlter aid, mean particle size ≈ 5 µm) has settled in water with different pH and in air. The settling volume (and the clarity of the supernatant) is quite different. Filter resistance depends therefore to a large degree on cake porosity and hence on the surface forces producing this porosity!



– Van der Waals forces are part of the cohesive forces between the molecules within the solid particle. They reach also a certain distance beyond the surface, but their range is less than that of electrostatic forces. The decline is proportional to the distance according to Eattraction = −



const r



(67)



When two particles approach to distance zero, these attractive forces become very strong and should in principle become equal to the cohesive force inside the particle. The reality is, however, more complicated because there are always absorbed molecules on the surface. An example of the superposition of both forces according to DLVO theory is represented in Figure 31. The graph shows the resulting energy potential. A positive gradient of the curves describes attraction, negative gradient repulsion. At very small distances, attraction prevails. At larger distance electrostatic repulsion prevails (if it is not zero).



6.2. Interparticle Forces, DLVO Theory According to the theory of Derjaguin, Landau, Verwey, and Overbeek (= DLVO theory after the researchers’ initials), the forces between suspended particles of equal material are described by repulsion due to electrostatic charges and attraction due to van der Waals’ forces: – Particles in suspension (especially in polar liquids like water) have an electrically charged surface, due to adsorption and dissolution of ions. The order of magnitude of this charge ζ is − 120 mV < ζ < 120 mV, and it depends on the pH of the liquid. The charge reaches relatively far, depending on the ion content of the surrounding liquid. The reach is characterized by the Debye length r D . In pure distilled water this length is exceptionally long with 0.9 µm. In most technical aqueous solutions it is much smaller, in sea water for example only 0.4 nm [34].



Figure 30. Settling volumina of the same quantity of ﬁlter aid (mean particle size ca. 5 µm); left: in water at pH 7; center: in water at pH 2; right: dry powder compacted by its own gravity [44]
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tral (point of zero charge, isoelectric point). At this particular pH, the particles can more easily agglomerate and are easier to ﬁlter. This optimal pH is often determined empirically without knowledge of the zeta potential.



Figure 31. Energy potential vs. particle distance (DLVOtheory) Attraction and repulsion between two particles in suspension. The superposition of electrostatic repulsion and attraction by van der Waals forces is represented by the resulting energy potential. High ion content in the surrounding liquid reduces the reach of electrostatic repulsion (Debye length).



Concerning interparticle contact this means: – Electrostatically charged particles repulse one another. Seen from their equally charged neighbors they show some kind of smooth and slippery repulsive skin. (The smooth repulsive skin can be made visible with modern atomic force microscopy, see, e.g., [35].) The Debye length characterizes the thickness of this skin (see Fig. 32). – Without electric charge (as for example in air), there is no such skin. The particles touch their neighbors with their rough surfaces and tend to adhere due to van der Waals’ forces. This explains why the dry powder in Figure 30 has the lowest packing density. – Particles in aqueous suspension with weak electric charge most probably have oppositely charged patches on their surface what may enhance mutual adhesion and the formation of loose ﬂocs. The surface charge of suspended particles can be measured as a “zeta potential” (→ Colloids, Chap. 4.; → Emulsions, Chap. 11.6.). This potential varies with the suspending liquid, especially with its pH: High pH means a high concentration of OH− ions, which can be absorbed, creating a negative surface charge. Low pH means high concentration of protons and a positive surface charge. At a certain pH the surface is neu-



Figure 32. A particle in suspension Seen from a particle with the same surface charge, it is covered with a repulsive skin of a thickness near the Debye length. This skin has no roughness and no friction; hence it is rather slippery.



6.3. Mathematical Simulation of Cake Formation Different attempts have been made to simulate numerically the structure and porosity of ﬁlter cakes. Until now such calculations are restricted to spherical particles with homogeneous surface. Starting from randomly chosen locations the trajectories of particles in a ﬁlter ﬂow are calculated (generally in two dimensions). When they touch the cake surface, the deposition is simulated using either a sticking angle [36], [37], or a friction angle and an adhesive force [38], [39], or by estimating the interparticle forces from van der Waals’ and electrostatic forces according to the DLVO theory [40]. After calculating the deposition of a large number of particles, the packing
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density of the resulting cake is found. These calculations help to understand and explain some empirical facts:



dency to slip into densely packed positions when deposited on the ﬁlter cake.



1) High adhesion forces and large friction angles make the particles adhere at the ﬁrst contact and produce a randomly stacked “house of cards” with high porosity and permeability. Low adhesion forces or even repulsion between the particles make them slip to more stable positions and produce dense packing. Figure 33 shows as an example of the cake structure calculated for different friction angles and adhesive forces [39]. 2) An opposite effect can be observed when the particles are very small (colloidal). Here the Debye length is often not negligible compared to the particle size and the repulsion can be strong enough to keep the particles at a distance. In this case the porosity and permeability will increase by repulsion and decrease by adhesion, contrary to what was said above. This is for example observed with clay soil in marshland near the sea. The permeability of such soil is reduced after ﬂooding with salt water and increases again when the salt is washed out, i.e., the Debeye length increases with falling ion content. For industrially ﬁlterable suspensions however the effect is not yet reported in the literature. It seems that for particles > 0.1 µm either the Debye length is to small (at high ion content) or the zeta potential is not strong enough (as in distilled water) for this effect. A comprehensive simulation of cake formation has not yet been proposed. The above mentioned approaches are restricted to spherical particles with uniform surface charge. Often, however, the electric charge is unevenly distributed, and there may even exist oppositely charged spots on the same particle. This would explain why many suspensions form loose ﬂocs when the stirrer is stopped. This is quite often observed even if the pH is not exactly at the isoelectric point (the term “isoelectric range” would therefore be more appropriate than “isoelectric point”). The ﬂocs disappear when the stirrer starts again, but nevertheless they probably have an impact on ﬁlterability because the particles are prearranged in a way that they touch with their rough, adhesive spots and have less ten-



Figure 33. Simulation of the cake build-up for two different adhesion forces and friction angles (upper diagram for 4 × 10−8 N adhesion force and 20◦ friction angle, lower diagram for 1 × 10−8 N and 5◦ ) [39]



7. Solving Filtration Problems in Small-Scale Tests 7.1. Laboratory Tests The most common technique for laboratory ﬁlter tests uses a laboratory pressure ﬁlter according to Figure 34 [41]. It consists of a pressure



Filtration vessel about 16 cm long with a ﬁltration area of 20 cm2 (corresponding to a diameter of 50 mm). Suspension (250 – 300 cm3 ) is charged into the ﬁlter, and the lid is closed. Filtration starts when pressurized gas (air or nitrogen) is applied from above. This should be done quickly (within a few seconds) to prevent sedimentation. The ﬁltrate is collected in a vessel on a balance or in a graduated cylinder and its quantity is registered as a function of time. When the ﬁltration is ﬁnished, the compressed gas is applied for about another minute to deliquor the cake. The quantity of gas applied during deliquoring is measured with a ﬂow meter or it is estimated from the capacity of the feed line and its pressure drop on gas withdrawal from the feed. After ﬁltration and deliquoring the ﬁlter is opened, the cake thickness is measured and the cake is removed to determine its wet and dry mass and calculate the moisture content. The quantity of ﬁltrate obtained is interpreted in a linear diagram (see Section 2.1.3) and the corresponding ﬁlter resistance is calculated. Several measurements at different pressures (e.g., 0.5 + 1 + 6 bar) provide the compressibility coefﬁcient “n” from Equation (31). For more details see [42], [43]. Another very simple test is the bench leaf test. The ﬁlter leaf includes a ﬁlter cloth ﬁxed on a plate (100 cm2 ) with grooves and sealing around the edges. It is connected to an evacuated ﬁltrate receiver via a rubber hose with a valve. The ﬁlter leaf is plunged into the suspension and ﬁltrate is sucked through the leaf by applying of vacuum. It requires, however, considerable skill to get well reproducible results with this arrangement, since the solids are sucked to the leaf against the effect of settling, and their composition depends on the way the leaf is plunged into the suspension. This is why the bench leaf test is used less frequently nowadays, only for sizing rotary vacuum ﬁlters, which operate in a quite similar way. For research purposes it may be interesting to measure the ﬁlter resistance as a function of compressive pressure. To this behalf the Compression-Permeability Cell (CP cell) has been developed (see Fig. 35). This is a cylindrical cell with a porous bottom and a porous piston from above. Mechanical load is placed on the piston and the ﬁlter cake is compressed. Then liquid is percolated through the cake with moderate pressure and the permeability is calcu-
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lated from pressure drop and ﬂow rate according to Equation (1) or (3).



Figure 34. Bench pressure ﬁlter with balance and recorder for yield curve a) Compressed air; b) Heating ﬂuid; c) Filter medium; d) Filtrate; e) Balance; f) Recorder



7.2. Handling of “Unﬁlterable” Suspension In industrial ﬁltration often suspensions are encountered with a high ﬁlter resistance. Several possibilities for handling of these “unﬁlterable” suspensions are given below. Optimization of Upstream Steps (Crystallization, Precipitation). Considerable improvements in ﬁlterability are achieved by producing coarser particles. Good knowledge is available about crystallization (→ Crystallization). If, however, the solids are formed by precipitation, i.e., by mixing two reactants, this quick process often depends strongly on the mixing conditions and the reaction speeds. In this case the ﬁlterability must be improved empirically. Improvement has been achieved with the following parameters: 1) Continuous mixing instead of batch mixing,
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Figure 35. Compression – permeability cell a) Filter cell; b) Filter cake; c) Filtrate receiver; d) Pressure recorder; e) Pump; f) Slurry tank; g) Recirculation; h) Movable plate



2) Recycling of suspended solids to the zone of solids formation, 3) Variation of temperature, mixing ratio, stirring speed etc.



Criteria for the ﬂocculation effect are settling speed, clarity of the supernatant, and aspects of the ﬂocs (small, dense ﬂocs are sometimes preferred, because they are more stable).



Application of Flocculants (Polyelectrolytes). Synthetic, water-soluble polymers are highly effective as ﬂocculating agents. They agglomerate ﬁne particles in aqueous dispersion to voluminous ﬂocs, which settle and ﬁlter easily. As a general rule, however, the resulting ﬁlter cake or sediment has a higher porosity and residual moisture than without ﬂocculation. Synthetic ﬂocculants are commercially available as nonionic, anionic, or cationic grades with more or less ionic character. A charge opposite to the zeta potential of the solids to be separated gives theoretically the best effect. In practice it is, however, easier to observe the ﬂocculation visually without knowledge of the surface charge. Samples of the suspension are prepared in graduated cylinders and gently mixed with different ﬂocculants in 0.1 % solution. The high dilution is necessary to reduce the viscosity and facilitate mixing. The required quantity of polyelectrolyte is generally in the range of 0.5 – 10 kg per ton dry solids, equivalent to 10 – 100 mL of solution for 1 L suspension.



Adaptation of pH. As explained in Section 6.2, the interparticle forces depend on the pH of the surrounding liquid. With a pH in the isoelectric range the particles can aggregate and their ﬁlter resistance and settling speed is increased. Checking of Alternatives to Cake Filtration. Possible alternatives to ﬁltration are processing in: – Settling centrifuges (→ Centrifuges, Sedimenting) or static settlers. Even poorly ﬁlterable suspensions sometimes settle readily, either the solids have high speciﬁc weight or big, soft ﬂocs make an impermeable cake (e.g., wastewater sludge). – Cross-ﬂow ﬁltration (see Section 2.4). This alternative however yields the solids as a thickened suspension only. – Evaporation of the liquid (→ Evaporation). This alternative may be attractive if the required energy is not to high (highly concentrated suspension or a liquid with moderate



Filtration heat of evaporation, like many organic solvents). Selection of Filter Aids. Filter aids are inert powders added to the liquid to be ﬁltered and increasing the porosity and permeability of the cake (see Chap. 11). They are very helpful, provided the presence of ﬁlter aid in the solid can be accepted. Filter aids are used in two ways: – As a precoat layer to protect the ﬁlter medium and improve ﬁltrate clarity and – As a body feed to increase ﬂow rates. Preliminary laboratory tests help to identify the proper kind of ﬁlter aid. The selection procedure is done in three steps: 1) Selection of the right material according to the chemical resistance and purity (perlite, diatomaceous earth, cellulose, carbon). 2) Selection of the grade (particle size) of the ﬁlter aid. The particle size should be as coarse as possible to give low ﬁlter resistance, but ﬁne enough to prevent the dirt particles from trickling through the pores of the cake. For selection of the grade a precoat layer is prepared by ﬁltering a diluted suspension of ﬁlter aid. Then the solution to be cleaned is ﬁltered through this layer. After ﬁltration the precoat layer is broken in half. The dirt should form a separate layer on the top and should not have penetrated into the precoat. 3) Selection of the quantity of ﬁlter aid. As a ﬁrst guess the quantity of ﬁlter aid is calculated which gives a cake volume equal to the volume of dirt to be separated. It is then admixed to the suspension and the ﬁlterability of this mixture determined. If the ﬂow rate is to low, the next trial should be made with a higher quantity of ﬁlter aid.



8. Filtration Equipment Filters can be classiﬁed in accordance with different criteria: Solids retention: Filtration technique: Driving force:



surface, deep-bed cake, cross-ﬂow, screening pressure, vacuum, expression, magnetic or electric ﬁeld, capillary



Operation:
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discontinuous, continuous, quasicontinuous, automatic self-controlling, programmed, precoating



Filter element: 1) bag, belt, candle/cartridge, disk, drum, leaf/plate, nutsche, press plate, tube 2) horizontal, vertical, single-element, multi-element, stationary, rotating 3) open, closed Solids discharge:



Application:



scraper removal, vibration, centrifugation, back blow, tipping, manual rapid settling systems, moderate and slow settling systems, clariﬁcation of liquids, pastes, pulps, sludges, and nonﬂuid systems.



Because of numerous overlaps with respect to process engineering and design, any systematic arrangement entails a loss of clarity. In the descriptions that follow, the design element is given top priority. The principles of operation and the design of ﬁlter equipment have changed little for many years. Only with recent efforts to improve the economics of processes have some crucial design changes and additions taken place. The most important of these involve 1) automation of operating modes and cycles 2) increases in speciﬁc throughput capacities and separation efﬁciencies, especially aimed at reducing residual moisture 3) optimization in the context of the overall process 4) improvement of operational reliability 5) increased concern for environmental protection and worker safety 6) adaptation to new, more difﬁcult separation tasks 7) development of new separation methods for existing ﬁltration problems For example, classical ﬁlter presses have been replaced by completely automatic, unattended equipment. Mechanical dewatering devices have been installed on belt and drum ﬁlters. Classical open nutsches have been modiﬁed into “process ﬁlters,” which combine several downstream operations (e.g., washing, dewatering, and drying) in a single apparatus. For difﬁcultly ﬁlterable suspensions, dynamic ﬁlters with membranes have been designed; together with elec-
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trokinetic ﬁlters, these open up new possibilities for mechanical liquid–solid separations. Important advances in the performance of existing ﬁlters have come about through better understanding of the theoretical relationships in all areas, such as ﬁltration, washing, and dewatering and expression. In particular, the automation and optimization of processes, based on knowledge about the interactions of the many process parameters, are currently being pursued in extensive programs.



open corner of the ﬁlter bag is sealed against the ﬁltrate pipe. In order to increase the ﬁltration area, the bags are made up to three times wider than the inserts, so that folds are produced when they are slipped on; in this way, the space requirement per square meter of ﬁltration area is greatly reduced. Filter units up to 250 m2 are available. After ﬁltration, the bags can be cleaned by spraying and blowing with compressed air.



8.1. Bag Filters The ﬁlter element in this type of ﬁlter is a bag made of the ﬁlter medium. A typical bag has an opening at one end. The bags are mounted in various kinds of containers; they allow an uncomplicated design, are easy to service, and are relatively versatile in view of the large selection of ﬁlter media available. For example, solids in the range of 80 – 800 µm are successfully collected with bags made of fabrics woven from monoﬁlament yarns; solids between 1 and 200 µm are separated with needled felt bags or by precoat ﬁltration (in which deep-bed ﬁltration is active at the same time). As batch ﬁlters, are opened by hand, they are employed only where relatively small charges with extremely low solids contents are to be clariﬁed. They therefore ﬁnd use chieﬂy in clarifying and polishing ﬁltration (sterilization), where the solids to be removed are impurities or undesirable byproducts. Applications include chemical and pharmaceutical products, paints and varnishes, juices, edible oils, waxes and resins. Bags open on one side are charged from the inside, so that the solids are collected as a ﬁlter cake in the bag. Service times range from hours to days. In pressure bag ﬁlters, where the bags are inserted in supporting cages, pressures between 0.5 and 1 MPa are common; in special designs, the pressures are up to 2.5 MPa. Capacities are in the range of 1 m3 m−2 min−1 at 1.6 MPa. Filter units with several bags in housings are available at total capacities of up to 2.4 m3 /min (4.8 m3 /min maximum) and down to quite small values. Pocket-shaped ﬁlter bags are charged from outside; they are slipped over collapsible ﬁlter inserts attached to the ﬁltrate pipe (Fig. 36). The



Figure 36. Pocket-type bag ﬁlter



8.2. Belt Filters A belt ﬁlter resembles an ordinary belt conveyor driven by one of the guide rollers. Slurry is fed onto the ﬁlter belt from above and the ﬁltrate drains or is pulled by suction from the bottom of the belt. Belt ﬁlters are operated as simple gravity, vacuum and pressure ﬁlters. Whether operation is continuous or intermittent (semicontinuous), slurry is fed onto one end of the belt. The ﬁltrate drains into vacuum tanks, which can be stationary or can move intermittently with the belt. The cake can be washed and dewatered in downstream zones. If necessary, the ﬁlter belt is washed during recycling. In another design, the belt is made up of a number of individual cells, which bear the ﬁlter cake. In this way, a more careful separation of the ﬁltration stages (see also Fig. 1) is achieved. In general, belt ﬁlters are applied for readily ﬁlterable suspensions that contain coarser, and therefore easily sedimented, solids (groups F and M in Table 2), where the ﬁltrate and the wash liquor are to be collected separately and the solids must have gentle handling. The maximum
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Table 2. Filterability of cakes Filtration characteristics



Initial cake formation rate, min/cm Slurry concentration, % Settling rate Leaf test rate, kg/m2 h Filtrate rate, m3 /m2 h Typical slurry



Group of suspension, symbol Fast (F)



Medium (M)



Slow (S)



Dilute (D)



Very dilute (VD)



0.005 – 0.1 > 20 rapid > 2500 > 10 crystalline solids



0.1 – 1 10 to 20 medium 250 to 2500 0.5 to 10 salts



1 – 10 1 to 10 slow 25 to 250 0.0025 to 0.05 pigments



10 – 100 40 µm at the high end and between 1 and 7 µm at the low end. Also used are perlites and, for special jobs, Fuller’s earths, powdered glass, coal preparations, cellulose ﬁbers, wood pulp, paper stock, bagasse (a sugar cane residue), talc, or plastics, although these products are less effective than diatomaceous earths and perlites. The requirements for a good ﬁlter aid are uniform quality, correct particle size and shape, and the highest possible wet volume (speciﬁc volume in the wet condition, usually greater than the wet volume per mass of ﬁlter aid). In diatomaceous earths, particles consisting of needle-shaped diatoms have proved advantageous; disk-shaped particles ﬁlter poorly and produce too dense a cake. Unsuitable constituents such as clay, or sand must be removed from the raw materials, because they hinder ﬁltration by blocking the pores. A synthetic ﬁlter aid is manufactured from volcanic rocks. The raw material, bound with some water, is ground, then suddenly heated to a high temperature; the grains inﬂate to form spheres. Regrinding yields half-shell-shaped fragments, whose large surface area makes them suitable as a ﬁlter aid once the ﬁnes are screened out. Their action in ﬁltration is somewhat worse than that of diatomaceous earth, with a porosity 20 – 40 % lower. In precoating, a layer of ﬁlter aid several millimeters thick is deposited on the ﬁlter medium before ﬁltration proper. After the ﬁltration is completed, the ﬁlter aid is often discarded along with the collected solids. Several steps take advantage of the effect of the loosened ﬁlter cake. First, a precoat some 1 – 2 mm thick, containing 200 – 800 g/m2 of ﬁl-
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ter aid, is ﬁltered onto the medium (base layer) so that a clear ﬁltrate can be obtained right from the start of ﬁltration. Filter aid is also added to the slurry continuously during ﬁltration. In batch operation, this is done by stirring in the slurry tank; in continuous ﬁltration, dry or wet ﬁlter aid can be metered into the slurry delivery line. No generally valid rules exist for the proper ratio of ﬁlter aid to solids concentration. A variety of empirical values are available for some processes and solids types. If there is too little ﬁlter aid, the ﬁltration goes badly; if too much, the ﬁltrate ﬂow rate drops off too sharply. The main applications for ﬁltration with ﬁlter aids are the precoat technique for poorly ﬁlterable slimes of chemical and mineral products and the clarifying ﬁltration of beverages (beer, wine, juices) containing soft, gelatinous impurities, as well as the clariﬁcation of gelatins, cane juice, or edible oils.
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