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JOURNAL OF LIQUID CHROMATOGRAPHY, 7(9), 1717-1738 (1984)  

A REVIEW OF POLYMER SHEAR DEGRADATION 
IN SIZE-EXCLUSION CHROMATOGRAPHY 

H. G. Barth and P. J. Carlin, Jr. 
Hercules Incorporated 

Research Center 
Wilmington, Delaware 19894 

ABSTRACT 

Although there have been only a few studies involving 
shear degradation of polymers in size-exclusion chromatographic 
(SEC) columns, it appears that the potential for degradation 
exists when analyzing high molecular weight polymers. 
of the complex hydrodynamics associated with SEC systems, it is 
very difficult to arrive at simple correlations between SEC 
operational parameters and the onset of shear degradation. 
Also, the dependency of shear degradation on polymer 
concentration, structure, and the nature of the mobile phase 
further complicates this issue. Nevertheless, guidelines 
involving operational parameters are presented based on 
published data and estimated shear rates produced in various 
parts of a SEC system. 

Because 

INTRODUCTION 

The 

exclusion 

decrease 

introduction of high--performance packings in size 

chromatography (SEC) has brought about a significant 

n analysis time and an increase in resolving power. 

Like other high--performance liquid chromatographic techniques, 

the current trend is to use smaller particle size packings to 

obtain maximum column efficiency. However; most analysts forget 
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1718 BARTH AND CARLIN 

that high molecular weight polymers, whether synthetic or 

naturally occurring, are fairly sensitive to shear forces which 

can lead to chain rupture. As compared with conventional SEC in 

which mobile phase flow velocities range from about 0 .02  to 0.10 

cm/sec, velocities used in HPSEC are typically 5 times greater. 

A l s o ,  because of the much smaller particle sizes used in SEC, 

the shear rates generated in these columns are significantly 

greater than obtained in conventional columns. As a result, 

shear degradation of polymers during elution through a column is 

possible . 

Presented are a discussion on the theory of polymer shear 

degradation, estimates of shear rates which can occur in 

chromatographic columns, and a review of reports published in 

this area of study. Guidelines are also given for minimizing 

the occurrence of polymer shear degradation during SEC. 

THEORY 

The relationship between shear stress (applied force per 

unit area) and shear rate of a Newtonian liquid under laminar 

flow is given by: 

T = 11: (1) 
2 where T is shear stress (dyneslcm ) ,  q is viscosity of the 

solution (poise. g cm 

(sec ) o r  the velocity gradient (dvldy) formed perpendicular 

to the direction of flow. 

-1 sec-’), and 7 is shear rate 
-1 
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POLYMER SHEAR DEGRADATION IN SEC 1719 

In calculating the shear rate of a packed column, we 

assume that the column consists of a bundle of capillaries in 

which the capillary radius can be estimated from the bed 

hydraulic radius: 

R = D E/3(1--~) (2) h P  
where D is the diameter of the packing and f is the 

porosity of a packed column ( C  = 0 . 3 6 )  (1). Thus, the shear 

rate in a packed column, assuming Newtonian behavior, is readily 

P 

calculated using: 

= 4 V/R = 4Q/fA5, (3) h 
where B is the average linear velocity, Q is the flow rate, and 

A is the cross-sectional area of the column. 

c is unity and the tube radius is equal to . 
For open tubes, 

Rh 

DEGRADATION MECHANISM 

Because of velocity gradients generated during flow, a 

polymer becomes extended. Bonds near the middle of the chain 

become stretched and can rupture if shear rates are great 

enough. The end segments of a chain maintain their coiled 

shape; thus, the maximum strain is usually focused near the 

center of the polymer. To a first approximation, the strain 

generated in a polymer is proportional to the square of its 

length ( 2 ,  3). The weak points along a polymer chain are 

determined by its length and structure. According to Bird 

et al. (41, there is no reliable quantitative theory of 
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1720 BARTH AND CARLIN 

mechanical stability of polymers, and the stability of each 

polymer must be determined experimentally under strictly defined 

conditions. 

In addition to shear forces, extensional flow components 

may also play a significant role in polymer degradation. These 

flow components would cause more stress on the chain than that 

produced by a laminar flow. 

capillary entrances and exits and at convergent-divergent flow 

paths in packed beds ( 5 - 8 ) .  Recently, Giddings ( 2 5 )  had shown 

extentional flow in packed columns multiplies the shear effect 

by about 10 beyond that of tangential shear. 

Extentional flow occurs at 

3 

When shear is applied, the most probable sites of stress 

concentration on the polymer chain are ( 3 ) :  

1. Side chain linkages to main chain, i.e., branch 

points. 

2. Crosslink points in networks. 

3. Points of inclusion of heteroatoms and quaternary 

carbon atoms. 

4. Dissymmetry between adjacent atoms which promotes 

rupture of the chain by stretching forces. 

Chain entanglements are also quite sensitive to shear 

stress. Junction points of entangled chains concentrate energy 

due to stress and thus can break. The mechanism depends on the 

time scale of shear deformation, temperature, probability of 

entanglement, and slippage of junction points (9-11). Thus, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYMER SHEAR DEGRADATION IN SEC 1721 

polymer solutions which contain entangled chains are more shear 

sensitive than more dilute solutions in which entanglements have 

not occurred. 

the nature of the solvent (4). Recently, Yu et al. (12) have 

studied the concentration dependency of shear degradation and 

The extent of chain entanglement also depends on 

have postulated that both entanglements and inhibition of 

molecular extention by surrounding molecules in concentrated 

solutions are contributing factors. Therefore, although 

entanglements which occur at high polymer concentrations may 

favor shear degradation, molecular extensions are inhibited by 

surrounding molecules. 

Polymers that are extended in solution, i.e. dissolved in 

good solvents, exhibit a higher sensitivity toward shear 

degradation than more randomly coiled polymers (13-15). For 

example, the rate of mechanical chain scission of dextran is 

approximately 100 times lower than for polyacrylamide (13). 

With suf€iciently high internal stresses, bonds rupture 

and produce radicals. In the presence of radical acceptors, 

e.g., oxygen, radicals that are formed are stabilized resulting 

in a decrease in molecular weight. However, in the absence of 

radical acceptors, branching and crosslinking are possible ( 3 ) .  

There are two popular theories regarding the mechanism of 

shear degradation with respect to molecular weight ( 3 ) .  One 

theory proposes that during degradation a limited molecular 

weight is approached (16). Once this limited or critical 
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1722 BARTH AND CARLIN 

molecular weight (or more precisely chain length) is reached, no 

further chain scission can occur (17). This critical chain 

length is short enough that it can adjust to the applied stress 

by moving with respect to its sheath of solvent molecules rather 

than by rupturing primary bonds. The second theory, postulated 

by Rodriguez and Winding (18), states that there is no critical 

molecular weight which is resistant to degradation at a given 

shear rate. There is, however, a decreased probability that 

degradation will occur as the molecular weight decreases. 

POSSIBLE SOURCES OF POLYMER SHEAR DEGRADATION IN SEC 

In size-.exclusion chromatography, the following are 

potential sources of polymer shear degradation: 

Injection valve 
Capillary tubing 
Column frits 
Packed column 

It should be emphasized that shear degradation may also occur 

during sample preparation. In view of this, it is advisable to 

use low shear rate conditions such as tumbling and low speed 

stirring . 
The following are estimated shear rates calculated from 

Equation 3. Because of the many factors which influence polymer 

degradation, these values are used to demonstrate the magnitude 

of shear rates which can be developed in various parts of the 

chromatographic systems. 
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POLYMER SHEAR DEGRADATION IN SEC 1723 

pjection Valves 

Typical sample loop sizes are shown in Table 1 with the 

corresponding shear rates produced assuming a 1 ml/min flow 

rate. Also included are shear rates developed in the smallest 

flow passages of the valve. 

Capillary Tubing 

Capillary tubes, which are used for column and detector 

connections as well as f o r  sample loops in injection valves, 

usually range in ID from 0.01 to 0.04 inches. As shown in 

Table 2, the shear rates generated in these tubes can be quite 

high. 

Frits 

Commonly used stainless steel frits have an average 

channel radius of about 1 vm. Assuming a flow rate of 1 

ml/min through a 6-mm diameter disc ( c  -0.3), the estimated 

shear rate generated is about 7.8 x lo3 sec-l. 

Shear Rate in Packed Columns 

The shear rates generated in columns as a function of 

particle diameter are shown in Figure 1 for 0.5 and 1.0 ml/min 

flow rates. Results were calculated assuming a 4-mm ID column. 

As indicated, columns packed with >40 pm particles exhibit 

relatively low shear rates of less than 1000 sec-l. 

performance packings of 10 vm, the shear rate ranges from 

4-8 x 10 sec . Packings of 5 pm, which represent about 

the smallest D of commercial SEC packings, will generate 

shear rates between 0.8 to 1.6 x 10 sec . 

For high 

3 -1 

P 
4 -1 
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1724  BARTH AND CARLIN 

TABLE 1 

Estimated Shear Rates Produced in Injection Valves" 

Sample Loop 
Capacity (1.111 ID, inches :, sec-1 

10 0.0'12 6 x lo3 
20 to 100 0.020 1 . 3  x 103 

Passages in 0.018 1.8 x 103 
Rotor Seal 

*Assume 1 ml/min flow rate. Dimensions are for a Rheodyne 70-10 
sample injection valve. Calculated using Equation 3 and setting 
E to unity. 

TABLE 2 
SHEAR RATE PRODUCED IN DIFFERENT DIAHETER 

CAPILLARY TUBING AT 1 HL/HIN 

ID. inches 

0.01 
0.02 
0.03 
0.04 

1.0 x 104 
1.3 103 
3.8 x lo2 
1.6 x lo2 

The effect of flow rate on shear rate for 4-mm diameter 

columns packed with 5 ,  10, and 20 pm particles is shown in 

Figure 2. For 10-pm packings, the shear rate can be kept 

below 1 x 10 sec by employing flow rates less than 

1 mllmin. For flow rates less than 0.1 ml/min, shear rates of 

<1 x 10 sec can be achieved for both 5 and 1O-vnt 

4 -1 

3 -1 

diameter packings. 

4 As will be discussed, a shear rate below about 1 x 10 

is probably sufficiently low to avoid shear degradation -1 sec 
6 of most polymers of (1 x 10 molecular weight. Thus for 
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POLYMER SHEAR DEGRADATION IN SEC 1725 

INFLUENCE OF PARTICLE SIZE(DP) ON SHEAR RATE ($1 
( 4 m  ID Column) 

I 
u 
W v) 

1 10 100 1000 
DP, ,!AM 

FIGURE 1. Shear rate generated in a 4-rmn ID column versus 
particle diameter at 0.5 and 1.0 ml/min flow rates. 
Shear rates were calculated using Equation 3. 

high performance packings of 10pm, flow rates of less than 1 

ml/min are recommended for 4m-ID columns. 
6 molecular weight (>1 x 10 ) samples, flow rates (0.1 

ml/min may be necessary. Because of the inverse logarithmic 

relationship between D and shear rate (Figure I), the use of 

SEC packings much lower than 5pm is questionable. These high 

efficiency packings should be used only for lower molecular 

weight polymers to avoid shear degradation. Obviously, lower 

For ultrahigh 

P 

velocities can be easily obtained using wider diameter columns. 

For decreased analysis times, short columns at low flow rates 
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1726 BARTH AND CARLIN 

INFLUENCE OF FLOW RATE ON SHEAR RATE(?) 
( 4 ~ .  ID Column) 

0 , O l  0,l 1 10 
FLOW, ML/MIN 

FIGURE 2 .  Shear rate versus flow rate produced in 4-nun ID 
columns packed with 5, 10, and 20um diameter 
particles. 
Equation 3. 

Shear rates were calculated using 

may be optimal. For an excellent discussion of the influence of 

particle size on both critical molecular weight and column 

efficiency see Giddings ( 2 5 ) .  Also, as reported by Giddings, 

elongational strain rates may have a more pronounced effect on 

polymer chain rupture than shear rate. 

The calculated shear rates found in column frits are 

relatively high. Thus, low porosity frits should be avoided. 

If possible, 5um or larger frits should be employed. 

Capillary tubing appears to be a major potential source of shear 
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POLYMER SHEAR DEGRADATION I N  SEC 1727 

degradation. Since most high performance injectors, detectors, 

and column connections utilize 0.01 inch ID capillary tubes to 

reduce band broadening, fairly high shear rates can be produced 

in these systems. As shown in Table 2 ,  capillary tubes of 0.02 

inches ID or greater should be employed when analyzing high 

molecular weight samples. It should be emphasized that 

capillary tubing incorporated into detectors can also be a 

significant source of shear. For example, the Waters 401 

refractometer utilizes 0.009 inch ID tubing f o r  the detector 

inlet. This would generate 1.4 x 10 sec at 1 mllmin flow. 4 -1 

A comparison of shear rates in a high performance versus a 

conventional SEC system is shown in Table 3 .  As indicated, 

shear rates generated in high performance systems are one to two 

orders of magnitude higher. 

CRITICAL MOLECULAR WEIGHTS AND SHEAR RATES 

It should be emphasized that the shear rates estimated for 

high performance SEC should serve only as a rough guide when 

relating these values to critical shear rates (or stress) and 

critical molecular weights established in other types of shear 

fields, e.g., capillary tubes, concentric cylinders, or high 

speed stirring. The hydrodynamics associated with an SEC 

system, from injector to detector, are highly complex and 

dependent on the geometry of flow channels, structure of the 

packed bed, production of local points of turbulence, and 
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1728 BARTH AND CARLIN 

Table 3 

Comparison Of Shear Rates Generatsd In 
High Performance Versus Conventional SEC Svstems 

i., sec-1 
Source of Shear High Performance(l) Convent ional(2) 

Capillary Tubing 1 x 104 1.6 x lo2 

Frits 7.8 x 103 2 . 2  x 102 

Column 8 x lo3 3.6 x lo2 

(1) Flow: 1 ml/min; column: 4 mm ID; Dp: 10 m; 
capillary: 0.01 inch ID; frit: 2ym; Rh: 1.86pm 
(velocity through column: 0.37 cm/sec). 

(2) Flow:  lmllmin; column: 7.9 lam ID; Dp: 56 m; 
capillary: 0.04 inch ID; frit: 1Oum; Rh: 10.4 pm 
(velocity through column: 0.095 cm/sec). 

inhomogeneity of shear fields. For example, if turbulence were 

present, different segments of the chain may be caught in eddies 

moving in various directions thus producing additional strain on 

the polymer. Thus, the shearing conditions in SEC are very 

difficult to define. 

There appears to be no adequate model to predict shear 

sensitivity of a given polymer (4). Critical molecular weights 

and shear rates must be determined experimentally (25). Even 

when these values are known, they are highly dependent on 

experimental conditions and the technique used to generate the 

shear rate or stress ( 2 ) .  Furthermore, it has been proposed 

that entangled chains rather than individual molecules are more 
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POLYMER SHEAR DEGRADATION IN SEC 1729 

shear sensitive because of the concentration of energy at 

junction points (9, 11, 19). 

Prenkel (2), who did not take into account entanglements, 

estimated that the critical shear rate for a polymer of degree 

of polymerization of lo3 is 10 sec . ~ r o m  experimental 

work and thermodynamic considerations, Morris and Schnurmann 

(20) reported that shear rates of more than 1.6 x 10 sec 

would be required for shear degradation of hydrocarbon polymers 

of molecular weights of 2.5 x 10 and less. At 10 sec 

under laminar flow conditions, polymers of molecular weights 

>10 were degraded. 

5 -1 

6 -1 

4 5 -1 

5 

DEGEUDATION OF POLYNERS DURING SEC 

Surprisingly, there have been only a relatively small 

number of papers describing shear degradation of polymers in SEC 

(19, 21-26). Slagowski et al. (21) have demonstrated that both 

4.37 x 10 and 2.73 x 10 molecular weight polystyrene 

degrades during SEC using a conventional system (Styragel) at 

flow rates as low as 0.25 ml/min (t = 95 sec 

chromatographed sample of the 4.37 x 10 polystyrene run at 1 

ml/min (; = 380 sec 

measurements was found to have a reduced viscosity of 25.6 dl/g 

as compared to 64 dl/g for the initial sample. At 1 ml/min, a 

9.6 x 10 molecular weight polystyrene showed no apparent 

degradation as determined from elution volume measurements. 

7 7 

-1 
) .  A 

7 

-1 was collected and from viscosity 

6 
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1730 BARTH AND CARLIN 

Using high performance SEC, Kirkland (18) has shown that 

7.1 x 10 polystyrene was shear degraded above 0.1 cmlsec 

(f = 2.7 x lo3 sec-') using 8vm-silica particles. 

6 

Rooney and VerStrate (19) employed an on-1 ne, low-angle 

laser light-scattering detector (LALLS) to study polymer 

degradation in SEC columns (uBondage1 and Shodex 800 series) 

and found that polystyrene and several polyolefins of molecular 

weight66.7 x 10 degraded above 0.5 ml/min flow rate. 

These authors also undertook a brief study of the effect of 

polymer Concentration on shear degradation. Although they claim 

to see a small concentration dependency, the scatter about the 

data points appeared to be too high to warrant any conclusions. 

Their results suggest that shear rates as low as 2.7-6.4 x 10 

sec (calculated from Equation 3) were sufficient to obtain 

noticeable shear degradation of polymers16.7 x 10 

molecular weight. 

results obtained at flow rates of 1.0 mllmin and greater may be 

in error because of excess light scattering presumably caused by 

thermal and/or flow inhomogeneities in the detector cell. In 

addition, contributions from peak broadening generated within 

the column and between the LALLS and differential refractometer 

may have complicated the results (28). 

5 

3 

-1 

5 

It should be noted, however, that the \ 

6 Huber and Lederer (26) measured the of 1 x 10 

molecular weight poly(isobuty1ene) as a function of flow rate 

employing a LALLS detector and Styragel columns. Polymer 
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POLYMER SHEAR DEGRADATION IN SEC 1731 

dearadat-ion was first noticeable at flow rates greater than 10 

ml/hr (t = 77 sec-I). At a flow rate of 2 ml/min (930 

sec-l), % decreased by almost a factor of two. It should 

be noted, as described above, that no band broadening 

corrections were employed; thus the data obtained on-line 

may be in error. 

% 

Using both Shodex and silica high performance columns (8 

mm ID), Ye and Shi (23) studied shear degradation effects of 

polystyrene calibrants of molecular weights of 2.7 x lo6 to 

7 x 10 using a flow rate of 2 ml/min. (Equivalent to 0.5 

ml/min for a 4-mm ID column.) Ueasurements were made using an 

off-line LALLS photometer and intrinsic viscosity measurements 

of collected samples. 

for the Shodex column; whereas, for the silica column (particle 

size not given), some degradation was obvious. The authors 

claim that since the pressure across the silica column was 

greater than for the Shodex column, pressure was a contributing 

factor. 

6 

No molecular weight decrease was observed 

Rand and Uukherji ( 2 4 )  investigated polystyrene shear 

degradation using two high-performance silica columns. 

VBondagel (4mm ID) and Zorbax Bimodal columns (6.2 mm ID), and 

an on-line LALLS detector. Although there was scatter in the 

data, it appeared that shear degradation had occurred for 3 x 

10 and 7 x 10 molecular weight polystyrene standards at 

Elow rates as low as 0.5 mllmin. Little shear degradation of 

6 6 
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1732 BARTH AND CARLIN 

4 polystyrenes in the molecular weight range of 5 x 10 

10 was evident at flow rates of 0.5-1.5 ml/min using either 

of the silica columns. 

to 1.8 x 

6 

Giddings (25) developed a relationship between the 

critical molecular weight of a polymer and shear stress in 

packed beds and uniform channels. Polyacrylamide 

(Q -6.2 x 10 ) was used as the test polymer and shear 

degradation was determined by measuring the reduction of 

intrinsic viscosity of the polymer after it passed through a 

column packed with controlled-pore glass (7011m). The 

experiment consisted of pumping two column volumes of polymer 

solution (0.05 and 0.10 wt%) through the column. Substantial 

viscosity loss was apparent at velocities as low as 0.025 

cmlsec. Polymer degradation using nonporous glass particles of 

the same size as the SEC packing was about 25% lower, suggesting 

that polymer chains are more prone to rupture as they diffuse 

into and out of pores. Giddings also presented several useful 

equations that can be used to establish guidelines for avoiding 

polymer shear degradation and, at the same time, maximizing 

column efficiency. 

6 

In our laboratory, we have observed shear degradation of 

polystyrene calibrants using Zorbax PSH silica packings. 

3 is a polystyrene calibration curve obtained on a set of 

Du Pont Zorbax Bimodal columns using THF as the mobile phase. 

The backward curve of the high-molecular-weight end of the 

Figure 
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POLYMER SHEAR DEGRADATION IN SEC 1733 

1 l o 7  

1 x 1 0 6  

1 l o 5  
3 

I= 
w 
z 
w 
E 
> 
I- 
ul 
> 
J 
a 1 l o 4  

1 lo3 

1 x 102 

'\ e x .  

\ ex. 
\ 
\ 

. 0.3 mg.  PS/m 1 .  

\ 
\ 
\ 
\ 
\ 

\ 

5 6 7 8 9 10 

E L U T I O N  VOLUME (ml. T H F )  

FIGURE 3. Polystyrene calibration curve showing the effect of 
sample concentration and flow rate on elution 
volume. A Zorbax PSH 60-S and PSH 1000-S column-set 
(6.2aar diameter) was used with tetrahydrofuran as the 
mobile phase and 100-pl injection volumes. 
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1734 BARTH AND CARLIN 

polystyrene calibration curve could be indicative of shear 

degradation. The 7 x 10 molecular weight polystyrene peak 

elutes near the 9 . 5  x 10 peak. and the 4.1 x 10 

polystyrene elutes between 1 x lo6 and 2 x 10 

weight polystyrene standards. The amount of shear degradation 

increased with mobile phase flow rate and with polymer 

concentration. It should be recognized, however, that other 

flow rate and concentration dependent effects could contribute 

to these observations. 

6 

5 6 

6 molecular 

CONCLUSIONS 

Because of the complex hydrodynamics involved in SEC 

systems, it is very difficult to arrive at a simple correlation 

between operational parameters, such as flow rate and particle 

size, and onset of shear degradation. A l s o ,  the dependency of 

shear degradation on polymer concentration, chemical structure, 

and solvent further complicates this issue. Nevertheless, 

guidelines can be established, based on published data and 

estimated shear rates produced in various parts of an SEC system. 

Because of the appearance of degradation with conventional 

columns in which very low are produced within the column, it 

is obvious that degradation may be occurring in capillary tubing 

associated with the system. As suggested by Giddings ( 2 5 ) .  

elongational forces within the packed bed may have a more 

pronounced effect on polymer degradation than do tangential 
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POLYMER SHEAR DEGRADATION IN SEC 1735 

shear forces. Because of the high shear rates that can be 

generated in high-performance columns, it is advisable to 

measure elution profiles of samples as a function of flow 

rates. If an on-line light scattering photometer is available, 

the occurrence of degradation can be more readily determined. 

However, one should be aware of elution volume--flow rate 

dependence ( 2 7 )  and additional band broadening that can occur 

between concentration and LALLS detectors used in series ( 2 8 ) .  

Capillary tubing of large ID should also be employed 

providing that column efficiency is not sacrificed. Since HPLC 

detectors contain small ((0.010 inch) ID tubing, alternative 

detection systems may be required. Because of the inverse 

relationship between shear rate and particle radius, it is 

doubtful that small diameter SEC packings ((10pm) would 

prove useful for the analysis of high molecular weight polymers 

unless short, wide columns are used to obtain sufficiently low 

flow rates at acceptable analysis times. 

Finally, since shear degradation of polymers may occur 

more readily with increased polymer concentration, fairly dilute 

polymer solutions may be required. 

is also needed to avoid chromatographic effects such as 

macromolecular crowding and viscous fingering. 

The use of dilute solutions 

As can be seen, a significant amount of work is needed 

before we can fully understand and predict the extent of polymer 

degradation in chromatographic systems. 
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