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Abstract: The surface properties of superfine alumina trihydrate (ATH) after surface modification were studied by measuring the contact 
angle, active ratio, oil adsorption, total organic carbon, adsorption ratio, and Fourier transform infrared (FTIR) spectrum. The contact angle 
increased initially and then slowly decreased with an increase of the amount of stearic acid. However, the surface free energy decreased ini-
tially and then increased. Surface modification with stearic acid or sodium stearate can benefit from elevating temperature. The base surface 
tension component and the free energy of Lewis acid-base both declined sharply following the surface modification. Excess stearic acid was 
physically adsorbed in the form of multilayer adsorption, and an interaction between oxygen on the ATH surface and hydroxyl in stearic acid 
was subsequently determined. Our results further indicated that the contact angle and adsorption ratio can be used as control indicators for 
surface modification compared with active ratio, oil adsorption and total organic carbon. 
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1. Introduction 

Alumina trihydrate (ATH) is a good green filler known 
for its flame retardance, smoke suppressibility, and non-
toxicity. However, as its hydrophilic surface results in poor 
interfacial compatibility and particle agglomeration in a 
polymeric matrix, the surface of ATH is often modified with 
an organic modifier [1–5]. Stearic acid (SA) is extensively 
employed in surface modification of ATH as it is inex-
pensive and remarkable efficiency. The surface properties of 
ATH are difficult to accurately control in surface modifica-
tion since there are various interactions between SA and 
ATH. Therefore, it is extremely important to determine the 
surface properties and to understand the variation of 
intermolecular interactions in the ATH surface modification.  

However, it remains difficult to present the surface pro-
perties accurately. Active ratio (AR) or oil adsorption is 
widely employed for evaluation of surface modification in 
China [6–10]; however, excess SA is often added in the 
surface modification of ATH, resulting in a loss of mecha-

nical performance of the polymer. Fourier transform in-
frared (FTIR) spectrometry, scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and 
thermogravimetric analysis (TG) are not practical methods 
for presenting the variation of surface properties, yet they 
are often empolyed for improving the surface modification, 
discussing the surface modification mechanisms and deter-
mining the particle morphology [2–5,7,11]. Thus, it is 
important to reliably determine a method for evaluating the 
change in the surface properties accurately, based on the 
interaction between the modifier and the ATH surface.  

Surface modification depends predominantly on the 
intermolecular interaction; the interaction is often classified 
as chemisorption (chemical adsorption) and physisorption 
(physical adsorption). Little research has been done on an 
interaction model between the functional group of stearic 
acid and atoms on the ATH surface. Moreover, changes in 
charge on the ATH surface can subsequently influence the 
interaction. When ATH is prepared by neutalization or 
hydrolysis its surface appears as a strong Lewis acid [12–14]; 
however, it has seldom been investigated when ATH is 
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produced by seeded precipitation from a sodium aluminate 
solution. In addition, the contact angle and the surface free 
energy can be used to determine the surface properties, 
however, the relations between the surface properties and 
surface free energy, active ratio, oil adsorption, adsorption 
ratio (η) or total organic carbon (TOC) remain uncertain. 

In the paper, superfine ATH, prepared by seeded preci-
pitation from a supersaturated sodium aluminate solution, 
was treated with stearic acid by measurements of total or-
ganic carbon, oil adsorption, active ratio, contact angle, and 
FTIR spectra. The surface tension and the surface free en-
ergy were subsequently calculated based on the Van Oss 
rule and the extended Derjguin–Landau–Verwey–Overbeek 
(DLVO) theory. Finally, the relationship between the mac-
roscopic properties of ATH after surface modification (such 
as active ratio, the oil adsorption, total organic carbon, and 
adsorption ratio) and its microscopic properties (such as the 
free tension component, the free energy component and the 
intermolecular interaction) were discussed in detail. Results 
of this study will significantly benefit the technological de-
velopment of ATH surface modification. 

2. Experimental 

2.1. Materials 

Superfine ATH (mean particle size d50 = 2.59 μm) was 
precipitated from a supersaturated sodium aluminate solu-
tion (ρ(Na2OK)＝158 g·L−1, ρ(Al2O3)＝168 g·L−1) under 
conditions with an initial temperature of 60°C, a final tem-
perature of 45°C, a precipitation time of 45 h and a super-
fine seed concentration of 25.16 g·L−1, after which ATH was 
washed three times with boiling water. The mass percent of 
Na2O, SiO2, and Fe2O3 in superfine ATH was 0.31%, 
0.026%, and 0.0091%, respectively. In addition, ATH was 
in the form of a hexagonal flake and (001) basal plane 
grows preferentially in a sodium aluminate solution, which 
differs from ATH by neutralization or hydrolysis.  

Both stearic acid and sodium stearate (SS) were analyti-
cal grade (China National Medicines Corporation, Ltd.).  

2.2. Surface modification of superfine ATH powder 

ATH, stearic acid solution and deionized water were 
added in a flask agitated (500 r/min) in a water bath 
(±0.5°C). The surface modification was then carried out at 
70°C–90°C for 30–60 min. The modified ATH was dried at 
approximately 90°C for 6–8 h after the slurry was filtered. 
Lastly, the contact angle, oil adsorption, active ratio, total 
organic carbon, and FTIR were measured after the surface 
modification.  

2.3. Measurement  

(1) The FTIR spectrum of ATH was determined by using 
a Nicolet 6700 spectrometer (Thermo US) with a KBr disk.  

(2) The contact angle was measured with a SL200B 
Contact Angle Meter (Shanghai Suolun Information Tech-
nology Co., Ltd.) using the drop method with glycerin, de-
ionized water or benzene, and the surface tension and free 
energy were subsequently calculated based on the Owen 
rule [15]. 

(3) The particle size distribution (PSD) was determined 
using a Mastersizer 2000 (Malven UK), when ATH was 
dispersed in deionized water.  

(4) The active ratio was determined based on the standard 
HG/T2567. 1.0 g ATH (m0) and 50 mL deionized water 
were stirred for 5 min, and the slurry was left to stand until it 
became clear (about 5 h). The suspended ATH was then 
collected, dried, and weighed as m1. Finally, the active ratio 
was calculated based on the formula 

1

0

AR 100%
m

m
= × . 

(5) Oil adsorption detection was carried out with castor 

oil at 25°C according to YS/T 618―2007 [16]. 

(6) Total organic carbon was determined by titration with 

K2Cr2O7 according to GB 17378.5—1998 [17].  

3. Results and discussion 

3.1. Influence of surface modification on the contact an-
gle 

The contact angle is often used to evaluate ATH’s hy-

drophilicity or hydrophobicity, and to calculate the surface 

free energy, as well as the adhesive energy. Table 1 presents 
the contact angle at different temperatures, with stearic acid 

or sodium stearate. The surface free energy and adhesive 

energy of ATH before and after surface modification are 
also listed, based on the Owen rule. 

Results in Table 1 demonstrate that the contact angle in-

creases remarkably after surface modification, and that stea-
ric acid benefits the surface modification more than sodium 

stearate. This suggests that the hydrophilic surface of ATH 

changes and becomes partly hydrophobic after the surface 
modification, with the functional group in the modifier play-

ing an important role. Moreover, an elevation in the tem-

perature also favors surface modification with stearic acid or 
sodium stearate; however, in practice a higher temperature 

(>110°C) is not often adopted as ATH can turn into boeh-

mite. 
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Table 1.  Influence of surface modification on contact angle, surface free energy, and adhesive energy of superfine ATH 

Conditions Surface properties 
Type of ATH 

Modifier Temperature / °C Contact angle / (°) Surface free energy / (mJ·m−2) Adhesive energy / (mJ·m−2)

ATH — — 58.10 29.02 75.92 

Modified ATH SA  90 92.13 14.67 60.76 

Modified ATH SA 120 97.85 11.76 54.48 

Modified ATH SS  90 84.44 19.05 69.20 

Modified ATH SS 120 91.51 14.97 61.44 

Note: Conditions of surface modification: 1% SA (SS), 20 min. Condition for measurement of contact angle: glycerin, 25°C. 

 
Results also indicate that both the surface free energy and 

the adhesive energy decrease after surface modification. 
Stearic acid is more effective in this decrease due to its 
lower surface free energy and adhesive energy, implying 
that intermolecular interaction occurs differently in the sur-
face modification process with stearic acid or sodium stear-
ate at different temperatures.  

3.2. Influence of surface modification on the surface free 
tension and energy components 

Changing interactions between the modifier and atoms on 
the ATH surface leads to different variation tendencies in 
the surface free energy and the adhesive energy. Moreover, 
as the interactions result from van der Waals force or 
chemical bonds (or electrostatic force), the surface tension 
and the surface free energy from van der Waals or acid-base 
interaction can be calculated on the basis of the Van Oss 
rule and the extended DLVO theory. 

The surface tension γ consists of the Lifshitz–van der 
Waals (LW) surface tension component γ LW, the acid (elec-
tron acceptor) surface tension component γ + and the base 
(electron donor) surface tension component γ − [18–21]. In 
this paper, the contact angle between ATH and water, glyc-
erin or benzene is adopted for the calculation of γ LW, γ + and 
γ −, according to the following equations (Eqs. (1)–(3)). 

LW AB LW
L L L L L L2γ γ γ γ γ γ+ −= + = +   (1) 

LW AB LW
S S S S S S2γ γ γ γ γ γ+ −= + = +   (2) 

( )( )LW
L L L2 1 cosγ γ γ θ+ −+ − =  

( )LW LW
S L S L S L2 γ γ γ γ γ γ+ − − ++ +   (3) 

where, γAB is the acid-base surface tension component, and 
subscripts S and L are abbreviations for solid and liquid, re-
spectively. Parameters of surface tension for water, glycerin 
and benzene are listed in Table 2. The contact angle and 
calculation results can be seen in Table 3. 

After surface modification, the contact angle between 
ATH and deionized water, glycerin, or benzene each chang-
es differently (Table 3). The contact angle increases sig-
nificantly for polar deionized water or glycerin, however, 
decreased slightly for non-polar benzene, validating the oc-
currence of a hydrophilic ATH surface following surface 
modification.  

Table 2.  Surface free energy of different substances [19]  
mJ·m−2 

Liquids 
LW
Lγ  Lγ

−  Lγ
+  γL 

Water 21.8 25.5 25.5 72.8 
Benzene 28.86 0 0 28.86 
Glycerin 34.0 57.4 3.92 64.0  

Table 3.  Influence of surface modification on the contact angle and surface tension of superfine ATH powder 

Sample waterθ / (°) glycerinθ / (°) benzeneθ / (°) LW
Sγ / (mJ·m−2) Sγ

− / (mJ·m−2) Sγ
+ / (mJ·m−2) γS / (mJ·m−2)

ATH  48.73 58.1 16.34 27.71 40.34 0.55 37.17 

ATH modified with SA 111.15 92.13 14.19 27.99  0.14 0.44 28.49 

ATH modified with SS   88.24 76.43 15.28 27.85  3.58 0.43 30.34 

Note: Superfine ATH, addition amount 1wt%, mass ratio of liquid to solid 5, temperature 90°C, time 30 min. 
 
Calculation results in Table 3 reveal that the Lewis base 

is dominant as the base surface tension component γ − 
(40.34 mJ·m−2) is much greater than γ LW (27.71 mJ·m−2) 
and γ + (0.55 mJ·m−2). The Lewis base (electron donor) is 
assigned to oxygen on the surface of ATH as each Al cation 

is octahedrally coordinated by 6 hydroxyls (–OH) and each 
hydroxyl coordinated by two Al cations, based on the struc-
ture of alumina trihydrate. Surplus –OH remains on the sur-
face of ATH, since there is an interface. In addition, oxygen 
located in the (001) basal plane of ATH has also been de-
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monstrated by Gan et al. [22].  
Moreover, different tendencies for the surface free ten-

sion component can be observed after the surface modifica-
tion. Firstly, the Sγ

−  (electron donor) falls sharply after 
surface modification, implying that oxygen on the surface of 
ATH “reacts” with carboxyl (–COOH) in stearic acid or 
carboxylate (–COO–) in sodium stearate after hydrolysis. 
The physical adsorption of stearic acid occurs as follows, 
based on the change of Sγ

− :  

( ) δ δ

2
HO Al HO H OCO R− +− − + − →  

( ) δ δ

2
HO Al HO H OCO R− +− − −   (4) 

where δ+ and δ− represent a part positive charge and a part 
negative charge, respectively.  

Compared with the physical adsorption, the chemical 
adsorption resulting from the formation of new bond is as 
follows: 

( ) δ δ

2
HO Al HO H OCO R− +− − − →  

( ) 22
HO Al OCO R H O− − − +  (5) 

In order to confirm the adsorption of stearic acid in the sur-
face modification process, the FTIR spectra of ATH, stearic 
acid, and modified ATH are displayed in Fig. 1. 

 
Fig. 1.  FTIR spectra of alumina trihydrate (a), alumina tri-
hydrate modified with stearic acid (b) and stearic acid (c). 
Surface modification under conditions: 2wt% stearic acid, 
90°C, 20 min. 

Peaks at 2919 cm−1 and 2850.13 cm−1 in modified ATH 
(Fig. 1) are assigned to the C–H bond stretching vibrations 
of methyl and methane, respectively, and the adsorption of 
C=O (carbonyl) stretching vibration is also observed at 
around 1706 cm−1. Relative to the spectrum of stearic acid, 
no remarkable shift is found in the spectrum of modified 
ATH as only a minor amount of aluminum stearate is 
formed. Thus, overwhelming stearic acid is adsorbed pref-

erentially in physical adsorption by molecular interaction, 
according to Eq. (4). 

Secondly, results in Table 3 also show that γ LW and γ + 
remain practically constant after surface modification, sug-
gesting that the force of the van der Waals and Lewis acid 
(electron acceptor) change only slightly in the surface modi-
fication. 

Thirdly, variation of γ − (40.34 − 0.14 = 40.2 mJ·m−2) for 
ATH modified with stearic acid is more than that of γ − 
(40.34 − 3.58 = 36.76 mJ·m−2) with sodium stearate, imply-
ing that oxygen in (001) basal plane “reacts” preferentially 
with the hydroxyl group –OH of stearic acid, due to the part 
positive charge in hydrogen atom of –OH. 

In addition, the surface modification begins with the col-
lision between the ATH particle and stearic acid, as such the 
distance between the modifier and the ATH particle also in-
fluences the interaction. Therefore, the effect of distance on 
the free energy of Lifshitz–van der Waals ( LW

SWΔG ) and 
Lewis acid-base ( AB

SWΔG ) can be calculated based on the ex-
tended DLVO theory [23–24]. 

If d (nm) is the distance between the surface of particle 
and the water molecule, and liquid is considered as the infi-
nite board, the relationship between the free energy of in-
teraction and the distance can be presented as the following 
equations (Eqs. (6)–(8)). 

( ) ( ) ( )LW AB
SWΔ Δ ΔG d G d G d= +   (6) 

( )
2

LW LW LW 0
SW S WΔ π

d
G d R

d
γ γ

 
= −  

 
4   (7) 

( )AB
SWΔG d =

 

( )
2

0
S W S W

0

4π exp
d d

Rh
h

γ γ γ γ+ − − +  −
− +   

 
0

  (8)          

where d0 is the least equilibrium distance between the parti-
cle surface and the water, d0 = (0.158 ± 0.08) nm, and h0 = 
10 nm. Water parameters are LW

Wγ = 21.8 mJ·m−2, Wγ
+ = 

25.5 mJ·m−2, and Wγ
− = 25.5 mJ·m−2. 

The calculation results are shown in Table 4 and Fig. 2. 
The negative LW

SWΔG  (in Table 4) and AB
SWΔG  (in Fig. 2) 

are a consequence of the attractive force. 

Table 4.  Influence of modifier on LW
SWΔG at different distanc-

es (d)                             10−14 mJ·m−2 

d / nm 
Type of ATH 

0.5 1 3 5 7 9 

Original ATH −3.81 −1.91 −0.64 −0.38 −0.27 −0.21

ATH modified with SA −3.87 −1.94 −0.65 −0.39 −0.28 −0.22

ATH modified with SS −3.86 −1.93 −0.64 −0.39 −0.28 −0.21
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The free energy LW
SWΔG  and AB

SWΔG  (Table 4 and Fig. 2) 
change differently in surface modification. Firstly, no sig-
nificant change of LW

SWΔG  is observed (Table 4) after sur-
face modification, implying that the interaction from Lif-
shitz–van der Waals is not influenced significantly by the 
surface modification process. Secondly, LW

SWΔG  is sub-
stantially less than AB

SWΔG  for the superfine ATH, as inter-
action from van der Waals forces is extremely weak in com-
parison with the force from Lewis acid-base. For example, 
when d is 1 nm, LW

SWΔG  and AB
SWΔG  were –1.91 × 10−14 

mJ·m−2 and –1.03 × 10−11 mJ·m−2, respectively. Thirdly, both 
LW
SWΔG  and AB

SWΔG  decrease with d because the attractive 
force (energy) is in inverse proportion to distance. Finally, 

AB
SWΔG  for stearic acid decreases remarkably following the 

surface modification in comparison with sodium stearate. 
For example, when d = 1 nm, AB

SWΔG  for stearic acid and 
sodium stearate decrease 85.37% and 64.08%, respectively.  

3.3. Relationship of active ratio, oil adsorption, total or-
ganic carbon, adsorption ratio, and surface free energy  

The variation in macroscopic properties of ATH, such as 

active ratio and oil adsorption, is extensively used to this 
present surface modification; however, the relationship be-
tween the macroscopic properties and the surface free en-
ergy is rarely discussed. In addition, parameters of stearic 
acid, such as adsorption ratio and total organic carbon, are 
also important in surface modification. Table 5 presents the 
active ratio, oil adsorption, contact angle and free energy. 

 

Fig. 2.  Influence of distance on AB
SWΔG . 

Table 5.  Influence of the amount of stearic acid on the modified ATH 

SA addition / wt% TOC of ATH / wt% SAη / wt% AR / wt%
Oil absorption /  

mL per 100 g ATH 
Contact  

angle / (°) 
Surface free energy / 

(mJ·m−2) 

0 0.03 – 0 42.05  48.73 51.42 

0.25 0.16 84.0 72.61 39.10  77.98 26.65 

0.50 0.36 94.0 98.42 37.08 111.15  7.76 

1.00 0.70 91.0 99.60 36.10 123.43  3.73 

3.00 1.73 75.0 99.60 34.60 118.93  4.89 

5.00 2.26 59.0 99.40 32.80 105.86  9.30 

Note: adsorption ratio of SA ( SAη ) = amount of SA in ATH / the total amount of SA × 100%; mass ratio of liquid to ATH 2, tem-
perature 90°C, time 20 min; the contact angle is measured with deionized water.  

 
Total organic carbon and stearic acid content in ATH in-

crease with an increase in the amount of stearic acid (Table 
5), with no “surface saturation” for stearic acid observed in 
the range of 0–5% stearic acid addition. However, the ad-
sorption ratio of stearic acid (ηSA) increases initially and 
then sharply decreases with stearic acid amount, owing to 
the multilayer adsorption by weak van der Waals, after 
which a surplus stearic acid occurs. Therefore, it is impor-
tant to determine which parameter (such as active ratio, oil 
adsorption, contact angle, adsorption ratio and total organic 
carbon) is sensitive to the changing surface properties, based 
on the relationship between the parameters and the surface 
free energy.  

Firstly, the active ratio (Table 5) initially increases rap-
idly at 0–0.50% stearic acid and practically remains constant 
at 1.0%–5.0% stearic acid. Oil adsorption always declines 
with an increase in stearic acid, while the surface free en-

ergy decreases remarkably and then increases slightly with 
stearic acid. So variations in the active ratio and oil adsorp-
tion, as well as the total organic carbon are not in agreement 
with changes in the surface free energy. 

Secondly, the contact angle initially increases sharply and 
then slowly droppes with an increase in the amount of 
stearic acid. Based on the calculation of surface free tension 
and multilayer adsorption, adsorption of surplus stearic acid 
on the ATH surface is likely to occur as follows:  

( ) δ δ

2
HO Al HO H OCO R R COOH− +− − − + − →  

( ) δ δ δ

2
HO Al HO H OCO R ROC OH− + +− − − −    (9)    

Thus, hydrophilic –OH in the outermost layer of ATH de-
creases the contact angle after surface modification. 

Finally, the contact angle and adsorption ratio, rather than 
active ratio, oil adsorption, and total organic carbon, are 
sensitive to the changing surface properties in surface modi-
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fication, with the change of adsorption ratio also consistent 
with that of the free energy. Therefore, the contact angle and 
adsorption ratio can be employed as a control indicator for 
surface modification.  

4. Conclusions 

(1) With an increase of the amount of stearic acid in the 
surface modification, the total organic carbon, adsorption 
ratio, oil adsorption, active ratio, contact angle, and surface 
free energy all change differently. Adopting stearic acid or 
elevating temperature can benefit the surface modification 
of superfine ATH. 

(2) γ − and AB
SWΔG  decrease sharply after surface modifi-

cation, while γ LW, γ + and LW
SWΔG  all change slightly. The 

physical adsorption of stearic acid subsequently inferred that 
–OH in stearic acid interacts with oxygen on the surface of 
ATH, and surplus stearic acid exists when excess stearic 
acid is added. 

(3) Contact angle and adsorption ratio are sensitive to 
changes in surface properties following surface modification, 
in comparison with active ratio, oil adsorption and total or-
ganic carbon.  
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