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Abstract: Lignin nanoparticles (LNPs) from renewable 
lignocelluloses can be a valuable building block for a vari-
ety of applications and could contribute to the economic 
development in rural agricultural communities. Current 
technologies for producing LNPs are not cost effective 
and use toxic solvents. In this study, LNPs were produced 
by fractionating poplar wood at ≤80°C with a recyclable 
hydrotrope p-toluenesulfonic acid (p-TsOH) in an aqueous 
system. The dissolved lignin was separated as LNPs simply 
by diluting the spent liquor (SL) to the minimal hydrotrope 
concentration (HCmin) of 11.5%. The p-TsOH, a solid acid, can 
be easily recycled by re-concentrating the diluted SL after 
lignin separation. The LNP size, morphology, and surface 
charge were controlled by the dilution ratio, speed, pH, and 
ionic strength of the LNP sol. The LNPs were analyzed by 
dynamic light scattering (DLS) and found to be fairly sta-
ble in terms of mean particle size and surface charge over 
a period of 2 weeks. Fractionation conditions also affected 
LNP properties. 

Keywords: hydrotrope, lignin nanoparticles (LNPs), low 
temperature fractionation, particle size and morphology, 
particle surface charge and aggregation 

Introduction 
Native lignins are abundant renewable polyaromatic poly-
mers composed of phenylpropanoid units, which have a 
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high potential for a variety of applications, but cannot be 
easily isolated from lignocellulosic materials (Ragauskas 
et al. 2014). On the other hand, technical lignins produced 
in the course of the chemical pulping of lignocelluloses, 
are commercially available in large quantities. These 
are usually burned in pulp mill boilers for the recov-
ery of pulping chemicals. Lignosulfonates from acidic 
sulfite pulping can be used immediately as dispersants, 
however, the valorization of lignins from kraft pulping 
is very limited. It would be rewarding to develop further 
lignin utilization techniques (Li et  al. 2015; Wang et  al. 
2015; Shuai et al. 2016; Tupciauskas et al. 2017). 

Lignin nanoparticles (LNPs) attracted great interest 
recently because of their large surface area, which can be 
used as anti-oxidants, ultraviolet (UV) light absorbing and 
hydrophobic materials, which are also biodegradable (Lu 
et al. 2012; Richter et al. 2015). LNPs can also be integrated 
as co-polymer in rubber (Jiang et al. 2013) and other com-
posites (Nair et al. 2014), surfactants in pickering emulsion 
(Qian et al. 2014; Ago et al. 2016), and as vehicles for drug 
delivery (Tortora et al. 2014). LNPs can be obtained by the 
dissolving of commercial technical lignins through chemi-
cal reactions (Popa et  al. 2011; Cheng et  al. 2012), or by 
means of solvents such as ethylene glycol (Frangville et al. 
2012), acetone (Richter et  al. 2016), tetrahydrofuran (THF) 
(Lievonen et  al. 2016), or N,N-dimethylformamide (DMF) 
(Qian et  al. 2014; Ago et  al. 2016; Myint et  al. 2016), with 
subsequent acid precipitation (Popa et al. 2011; Frangville 
et al. 2012; Richter et al. 2016) or hexane (Qian et al. 2014), 
dialysis (Lievonen et al. 2016), atomization and drying (Ago 
et al. 2016), or antisolvent particle formation (Lu et al. 2012; 
Myint et al. 2016). The sustainable commercial implementa-
tion of these processes is difficult because of environmen-
tal concerns and high costs of solvents and their recovery. 
The application of chemically modified lignins is limited for 
many purposes. Mechanical treatments such as ultrasonica-
tion (Tortora et al. 2014) and mechanical milling (Shikinaka 
et al. 2010; Nair et al. 2014) have been applied to produce 
LNPs from lignocellulosic materials, but these approaches 
are energy intensive. 

It has been demonstrated by Chen et  al. (2017) that 
the hydrotropic p-toluenesulfonic acid (p-TsOH) is well-
suited to achieve near-complete solubilization of wood 
lignin in an aqueous solution during 20  min at ≤80°C. 
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The key advantage of hydrotrope chemistry (Shimizu and 
Matubayasi 2014; Kunz et al. 2016) is that the dissolution 
of hydrophobic materials such as lignin is accomplished 
in an aqueous system, i.e. the handling of toxic and costly 
organic solvents can be avoided. The dissolved lignin can 
be precipitated in the form of LNPs simply by dilution with 
water to below the p-TsOH minimal hydrotrope concentra-
tion (HCmin), which is ca. 11.5% (Bian et al. 2017; Chen et al. 
2017). Lignin precipitation facilitates the efficient recy-
cling and reuse of p-TsOH. Furthermore, p-TsOH in hydro-
trope chemistry at temperatures below the water boiling 
point resulted in LNPs in a relatively native state. Com-
pared with other LNP production processes, p-TsOH frac-
tionation has substantial advantages in terms of chemical 
recovery, environmental impact, and LNP properties. 

In the present study, the control of the properties of 
LNPs resulting from p-TsOH fractionation is reported, and 
the focus is on the precipitation conditions (dilution ratio, 
speed, and solution pH and ionic strength) in terms of LNP 
morphology, particle size, and surface charge, which are 
critical to many applications (Kumari et al. 2010). The goal 
is to obtain tailored products via the economic and envi-
ronmentally benign and sustainable production of LNPs. 

Materials and methods 
Poplar wood, Populus deltoides Bartr. ex Marsh × P. nigra L, harvested 
from Hugo Sauer Nursery in Rhinelander, WI, USA, was the raw 
material for wood powder preparation via Wiley milling and sieving 
through 20-mesh sieve. 

Lignin removal: p-Toluenesulfonic acid (p-TsOH) of ACS reagent grade 
was obtained from Sigma-Aldrich (St. Louis, MO, USA). Concentrated 
aqueous p-TsOH solutions with concentration between 70 and 85% were 
prepared in multiple-neck fasks by solubilizing p-TsOH in deionized 
(DI) water. Each fask was heated to 65–80 C in a glycerol bath (heat-
ing plate, magnetic stirring) according to Chen et al. (2017). Ten grams 
(o.d. weight) of wood powder with ca. 35% moisture content were added 
to 100 ml p-TsOH and heated as shown schematically in Figure 1a. At 
the end of fractionation, ca. 80 ml DI water was added to stop the reac-
tion, in the course of which the p-TsOH concentration was diluted to 
40%. The resultant spent liquor (SL) was fltrated over flter paper under 
vacuum to separate the water-insoluble solids (WIS). The fltrate was 
diluted to 10% with DI water and then centrifuged at 3000 g for 10 min. 
Two fractions of lignin particles were obtained, one in the supernatant 
and another in the precipitated solids. The precipitated lignin can be re-
suspended in DI water for further analyses or utilization. 

LNP size, morphology, and surface charge were characterized 
using atomic force microscopy (AFM Workshop, Signal Hill, CA, 
USA) and dynamic light scattering (DLS) analysis (Nanobrook Omni, 
Brookhaven Instruments, Holtsville, NY, USA). The suspensions were 
sonicated for ca. 5 min. A drop of the suspension was dispersed on a 
mica substrate. After air-drying at ambient temperature, AFM images 
were taken in vibrating tapping mode at 160–225 kHz by means of 

a silicon cantilever having a tip curvature radius of 10–15 nm. The 
height distributions of LNPs from the AFM-measured topography of 
the sample were analyzed using Gwyddion software installed on the 
AFM system (Department of Nanometrology, Czech Metrology Insti-
tute, Czech Republic, 64-bit). During LNP particle size analysis via 
DLS, each sample was circulated fve times for a total of 10 min to 
obtain average size and mean zeta potentials. 

Results and discussion 

Verification of colloidal lignin particle sol 
system 

Hydrotrope chemistry often works best with hardwoods 
(Procter 1971) such as poplar, which can be grown on mar-
ginal land (Lazarus et  al. 2015). In this study, the SL from 
the dissolved poplar wood – designated as P75Tol, 80T, 20  min, 
meaning p-TsOH concentration of 75%, 80°C, and 20  min 
reaction time – was diluted to 10% [below the HCmin of p
TsOH of 11.5% (Chen et al. 2017)]. Ten milliliters of the diluted 
liquor was centrifuged at 3000 g for 10 min to precipitate the 
dissolved lignin (Figure 1b, left tube) and further diluted to 
p-TsOH concentration of ca. 2% by removing 7.5  ml of the 
supernatant and adding 10 ml DI water to the tube. Almost 
all dissolved lignin was precipitated through centrifugation, 
as was visible on the clear supernatant of the SL (Figure 1b, 
middle tube). The mechanism is that the high ionic strength 
compresses the double electric layer on the surface of sus-
pended lignin particles leading to aggregate formation of 
the lignin particles, which precipitate under the centrifuga-
tion force. After removing most of the ions through further 
centrifugation and removal of supernatant, a suspension 
is obtained with a p-TsOH concentration of 0.4%, in which 
the charged particles cannot be precipitated via centrifuga-
tion at 3000 g for 10 min, because of the strong electrostatic 
repulsions among them. Therefore, the supernatant is turbid 
(Figure 1b, the right tube) with a significant Tyndall effect; 
that is, the red laser beam was highly visible in the direction 
perpendicular to its incident direction due to light scattering 
of very small particles (Figure 1c). Accordingly, the dispersion 
is an aqueous sol, or a colloidal system that contains LNPs. 

Effect of fractionation conditions on LNP 
properties 

More severe reaction conditions, for example, with more 
than 70% wood lignin dissolution, resulted in a larger mean 
LNP size measured by DLS (Table 1). The amount of dis-
solved lignin correlated well with LNP size (Figure 2). Higher 
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lignin dissolution leads to a higher LNP concentration in the 
diluted SL than in a fractionation run with lower lignin dis-
solution, when both SLs of p-TsOH were diluted to 10%. A 
higher lignin concentration increases particle aggregation 
simply due to the higher collision probability among lignin 
particles. Under more severe conditions, more lignin with 
a higher molecular weight is solubilized than would occur 
under milder conditions (Bian et al. 2017; Chen et al. 2017), 
which can also affect LNP aggregation. The data concerning 
dissolved lignin in Table 1 show the lignin percentages in the 
unfractionated poplar wood. The dissolved lignin in SL was 

determined from the lignin mass balance by evaluating the 
residual lignin in the washed WIS. For verification, the gravi-
metrical lignin determination was carried out directly from 
the precipitated dissolved lignin after diluting the SL to 2% 
followed by washing. Discrepancies between the results of 
these methods (Table 1) are due to precipitation losses by the 
washing of dissolved lignin. 

Nuclear magnetic resonance (NMR) analyses indi-
cated (Chen et  al. 2017) that the dissolved lignin does 
not contain carbohydrates. Furthermore, p-TsOH frac-
tionation had a good selectivity in solubilizing lignin and 

Figure 1: Graphical description of experiments carried out in this study. 
(a) A schematic flow diagram showing p-TsOH fractionation of wood to produce lignin nanoparticles in an aqueous system at T ≤ 80 C for 
<60 min. (b) Images of diluted and centrifuged aqueous p-TsOH spent liquor showing precipitation of lignin (left and middle tubes), and 
turbid lignin particle suspension (right tube). (c) Laser light scattering of the turbid lignin particle suspension in b (right tube) showing the 
Tyndall effect. 
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hemicelluloses, but not cellulose. As shown in Table 2, 
most of the fractionation runs retained over 90% of the 
cellulose in WIS, while solubilizing 70–90% of the lignin, 
and over 75% and 50% of the xylan and mannan, respec-
tively. The washed WIS can be submitted to enzymatic 
hydrolysis and the resulting sugar yields will be excellent 
(Chen et al. 2017). The WIS is also suitable for producing 
lignin-containing (hydrophobic) cellulose nanofibrils 
via subsequent mechanical fibrillation with low energy 
input (Bian et  al. 2017). The solubilized sugars in the SL 
were found to be mainly xylose (Table 2). The solubilized 
sugars can be converted into furans as valuable chemicals 
with p-TsOH without additional chemicals (Ji et al. 2016). 
p-TsOH can then be reused or recovered after the separation 
of furans through evaporation. 

Effects of spent liquor dilution and speed of 
dilution on LNP size and morphology 

Five grams of p-TsOH SL (40% conc.) from the run 
P75Tol, 80T, 20  min was mixed with 15 g DI water to 10% by a 
peristaltic pump at four flow rates of 0.19, 0.95, 2.85, 
and 5.71 ml min−1. As the final dilution factors were uni-
formly 400%, the rates of dilution were expressed in min 
during the dilution period. The fastest dilution rate was 
achieved by manually adding 15 g of water into the flask 
in 1 s (0.0167 min). The dissolved lignin aggregated, when 
the SL was diluted to 10% (below the HCmin of 11.5%). DLS 
measurements indicated that reducing the rate of dilution 
increased LNP size (Figure 3a). The DLS-measured particle 
sizes were also qualitatively in agreement with the lateral 
diameters taken from AFM images (Figure 3b–d). The par-
ticle size increment is a direct result of dissolved lignin 
aggregation (Chen et al. 2017). Apparently, a slow dilution 
increased the aggregation time and larger particle sizes 
were seen as a result of fast dilution. A longer aggregation 
time also led to thicker lignin aggregates, as confirmed by 
the AFM height distribution measurements (Figure 3e). 
The LNP sample from very fast dilution, however, had 
a fairly narrow height distribution with a mean height 
of ≈15  nm. Deduced from AFM measurements, LNPs are 
oblate type spheroid nanoparticles and have an average 
aspect ratio (lateral diameter over height) of ≈10. 

If the p-TsOH liquor concentration from 40% was 
diluted, the LNP size increased with the extent of dilu-
tion as shown in Figure 4a. Similarly, AFM measurements 
qualitatively verified the lateral size and thickness size 
increment of the LNPs (Figure 4b–e), respectively. 

Effects of pH and ionic strength on lignin 
aggregation 

The SL from P75Tol, 80T, 20 min was quickly diluted from 40% to 
10% and then dialyzed and the terminal pH was ≈4.5. The 
average zeta potential of the LNPs in the dialyzed sample was 
around –35 mV (Figure 2). Centrifugation removes larger par-
ticles in a suspension, i.e. centrifugation fractionates LNPs 
according to size as demonstrated by Bian et al. (2017) and 
Chen et al. (2017). The smaller particles are bearing greater 
charges, i.e. around –45 mV for LNPs <280 nm (Figure 5). 

To investigate the effects of pH, NaOH, or HCl, solution 
at 0.1 mol l−1 were added to the supernatants after centrifu-
gation. The LNP particle sizes were relatively stable between 
pH 3 and 10, while a slight size reduction was seen at pH 
7.5 followed by a slight size increment at pH 10 (Figure 6a). 
Reducing pH below 3 or increasing pH above 10 resulted in 
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Figure 2: Correlation between DLS measured lignin particle size 
and the amount of lignin dissolved through p-TsOH fractionation of 
poplar at different severities. 
The DLS size was measured from the diluted p-TsOH spent liquors at 
10 wt% then dialyzed to pH 4.5. 

Table 1: Lignin nanoparticles from different fractionations of poplar 
wood measured from the spent p-TsOH acid liquor rapidly diluted to 
10% and then dialyzed to pH 4.5. 

Treatment codes 

Lignin dissolved (%) Diam. Zeta pot. 

Solid Liquor (nm) (mV) 

P70Tol, 50T, 20 min 29.8 25.0 345 ± 2 −40.0 ± 0.2 
P70Tol, 65T, 20 min 65.1 63.9 372 ± 8 −36.5 ± 0.2 
P70Tol, 65T, 35 min 63.9 60.3 414 ± 2 −41.4 ± 1.0 
P70Tol, 80T, 20 min 77.6 68.2 442 ± 4 −35.1 ± 0.3 
P75Tol, 65T, 20 min 71.6 63.9 439 ± 5 −33.8 ± 0.7 
P75Tol, 65T, 35 min 77.4 60.7 475 ± 3 −41.1 ± 1.2 
P75Tol, 65T, 60 min 81.0 58.7 500 ± 2 −36.7 ± 2.2 
P75Tol, 80T, 20 min 85.5 73.7 467 ± 3 −37.9 ± 3.6 
P80Tol, 80T, 20 min 90.7 78.6 530 ± 7 −34.1 ± 1.3 
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Table 2: Chemical compositions of p-TsOH fractionated poplar NE222 samples under different treatment conditions. 

Sample labela 

Water-insoluble solids (WIS) Spent liquor 

Solids yield 
(%) 

Glucan 
(%) 

Xylan 
(%) 

Mannan 
(%) 

Lignin 
(%) 

Glc 
(gl−1) 

Xyl 
(gl−1) 

Man 
(gl−1) 

AA 
(gl−1) 

FALb 

(gl−1) 

Untr. NE222 100 45.7 14.9 4.6 23.4 
P70Tot, 50T, 20 min 78.9 56.8 8.8 3.3 20.6 

(97.9) (46.7) (56.4) (69.4) 
P70Tot, 65T, 20 min 68.4 61.6 6.5 4.3 11.8 

(92.2) (29.8) (63.9) (34.4) 
P70Tot, 65T, 35 min 64.1 68.0 6.6 4.6 13.0 1.3 10.1 1.5 1.5 0.0 

(95.3) (28.4) (64.0) (35.7) (2.5) (59.5) (29.9) (0.7) 
P70Tot, 80T, 20 min 58.9 63.0 6.5 4.3 8.8 1.5 11.0 1.8 1.6 0.13 

(81.1) (24.5) (53.8) (22.1) (3.0) (65.0) (35.2) (1.2) 
P75Tot, 65T, 20 min 60.7 71.8 5.8 4.9 10.8 1.4 10.8 1.7 1.5 0.10 

(95.4) (23.8) (63.7) (28.0) (2.7) (64.0) (32.4) (0.9) 
P75Tol, 65T, 35 min 59.0 71.7 6.0 4.0 8.9 1.3 10.3 1.7 1.4 0.10 

(94.5) (23.9) (51.3) (22.3) (2.6) (60.8) (32.4) (0.9) 
P75Tot, 65T, 60 min 57.0 74.7 5.0 4.3 7.4 1.7 10.7 1.8 1.5 0.14 

(93.1) (19.2) (52.8) (17.9) (3.2) (63.4) (34.6) (1.2) 
P75Tot, 80T, 20 min 55.0 72.4 5.2 4.4 6.1 1.8 10.9 2.0 1.5 0.19 

(87.1) (19.1) (52.7) (14.4) (3.6) (64.2) (39.7) (1.7) 
P80Tot, 80T, 20 min 51.9 72.3 3.7 3.7 4.2 2.3 9.9 2.2 1.4 0.33 

(81.9) (13.0) (41.8) (9.2) (4.6) (58.4) (43.9) (3.1) 

a(PxxTot, yyT, zz min) stands for p-TsOH concentration in wt%, reaction temperature in C and reaction duration in min. 
bYields are based on xylan content in NE222. 5-hydroxymethylfurfural (HMF) in spent liquors were not detectable. 
The numbers in the parentheses are component yields based on component in the untreated NE222 (data from Chen et al., Sci. Adv. 2017;3: 
e1701735). AA, Acetic acid; FAL, furfural. 
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Figure 3: Effect of speed in diluting spent p-TsOH liquor (from 40% to 10%) on the resultant LNP size and morphology. 
(a) Dynamic light scattering (DLS) measured LNP size; (b–d) AFM images of LNP at dilution period of 79 (b), 2.6 (c), and 0.0167 (d) min, 
respectively; (e) AFM measured LNP height distributions for the LNPs shown in b–d. 
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a rapid increase in LNP size. This was also verified by AFM 
imaging (Figure 6b–e). The results in Figure 6a indicate 
that pH is a good parameter to control LNP size. 

With increasing pH, the LNP zeta potential (ZP) 
decreased rapidly from about –4  mV to ≈ –50  mV at 
pH  7.5 and then increased rapidly at pH 12. The ZPpeak 

corresponded closely to the smallest LNP size (Figure 6a), 
i.e. the electrostatic repulsion plays a major role in parti-
cle aggregation. The relatively stable LNP size in the pH 
range between 3 and 10 is a result of high surface charge 
(Figure 6a). A ZP of –25 mV or lower is required to avoid 
substantial lignin particle aggregation, as visible on the 
rapid LNP increment of ZP above –25 mV. 

The effect of ionic strength on LNP size was evaluated 
by spiking NaCl solution into a dialyzed LNP suspension 
of pH 6.4. With increasing NaCl concentration towards 
20  mM, the ZP of the LNP increased from –50  mV to 
–25 mV and at that point there was a rapid increase in par-
ticle size due to aggregations (Figure 7a). This critical ZP 
of –25 mV is in agreement with the pH results (Figure 7a). 
The AFM imaging (Figure 7b–d) and AFM-height distribu-
tions (Figure 7e) clearly demonstrate the aggregation. 

Stability of LNP particle size 

Colloidal stability of LNPs is important in practice. The 
diluted p-TsOH SL from P75Tol, 80T, 20 min at 10% concentra-
tion after dialyzing to pH ≈ 4.5  was checked again and 
centrifuged at 3000 g for 10 min. The precipitated lignin 
was re-suspended in DI water. Vigorous hand shaking 
was applied before DLS analyses. The LNP size in the 
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Figure 4: Effect of the extent of spent p-TsOH liquor dilution on the resultant LNP size and morphology. 
(a) Dynamic light scattering (DLS) measured LNP size; (b–d) AFM images of LNP at p-TsOH concentration of 1 (b), 2 (c), and 5 (d) %, respectively; 
(e) AFM measured LNP height distributions for the LNP shown in b and d. 
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Figure 5: Fractionating lignin nanoparticles by size through 
centrifugation. 
The reported DLS sizes were measured in the supernatants after 
centrifugation at the reported speeds. The initial lignin particle 
suspension sample was from P75T80t20 after diluting the spent 
p-TsOH liquor to 10 wt% and then dialyzed to pH 4.5. 
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Figure 6: Effect of pH on the resultant LNP size and morphology in a supernatant from centrifuging a dialyzed LNP suspension (pH 4.5) 
at 3000 g for 10 min. 
(a) Dynamic light scattering (DLS) measured LNP size; (b–d) AFM images of LNP at pH 11.5 (b), 7.5 (c), and 5.4 (d), respectively; 
(e) AFM measured LNP height distributions for the LNP shown in b–d. 
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Figure 7: Effect of ionic strength on the resultant LNP size and morphology in a supernatant after centrifugation of a dialyzed LNP suspen-
sion (pH 4.5) at 3000 g for 10 min. 
(a) Dynamic light scattering (DLS) measured LNP size; (b–d) AFM images of LNP at NaCl concentration in mM of 100 (b), 33 (c), and 5 (d), 
respectively; (e) AFM measured LNP height distributions for the LNP shown in b–d. 
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Figure 8: LNP particle size stability. 
(a and b) Effects of storage time on DLS measured the size (a) and zeta potential (b); (c–f) AFM images of LNPs at the beginning of storage in 
the supernatant (c) and in the suspension of the resuspended solids (d), and at the end of storage in the supernatant (e) and in the suspen-
sion of the resuspended solids (f); (g and h) AFM measured height distributions of LNPs in the supernatant (g) and in the suspension of the 
resuspended solids (h). 
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supernatant increased gradually during a period of 
2 weeks from ca. 310 to 370 nm (Figure 8a), while the mean 
ZP gradually increased from –28  mV to –11  mV (Figure 
8b). AFM images obtained before and after 2 weeks con-
firmed the LNP size increment due to aggregation (Figure 
8c and d). The particle thickness was also elevated, as 
shown by the AFM measurements (Figure 8g). Obviously, 
a long storage time reduced the stability of colloidal 
particles. 

The particle sizes of the re-suspended precipitated 
lignin decreased over a period of 2  weeks from 540  nm 
to 450 nm (Figure 8a). At time zero, these particles were 
larger than those from LNPs in the supernatant from 
centrifuging as clearly seen by AFM imaging (Figure 8c 
vs. 8e), and showed precipitation tendencies as mani-
fested in biased sampling of more un-precipitated smaller 
particles despite hand-shaking before DLS analyses. 
According to results in Figure 6b, the resuspension of the 
precipitated particles increased the pH of the suspension, 
which resulted in a high surface charge (Figure 8b), and 
prevented aggregations during drying for AFM imaging 
(Figure 8f). The AFM thickness measurements (Figure 8g 
and h) are in agreement with the DLS data. 

Conclusions 
This study demonstrates a facile and sustainable procedure 
for producing LNPs directly from wood at ≤80°C based on 
the p-TsOH approaoch. p-TsOH is an easily recyclable hydro-
tropic acid, which dissolves wood lignin and the lignin can 
be precipitated by dilution to the HCmin. Dilution speed and 
ratio, fractionation conditions, pH, and ionic strength of 
the LNP sol are the parameters used to control the resultant 
LNP size, morphology, and surface charge. A stability study 
over a 2-week period showed by dialyzing the LNP sol that 
the LNP size and surface charge are fairly stable. 
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