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a b s t r a c t
Liquid-phase adsorption (LPA) at low temperature (e.g., 258  K) based on fiber-optic sensing was 
developed. Auramine-O (AO) and macroporous adsorption resins (MARs) were selected as 
adsorbate and adsorbent, respectively. A thermostatic adsorption vessel was designed and con-
nected to a condensing circulating pump to enable the measurement of LPA at low temperatures. 
The adsorption measurement vessel contained a conical flask, a magnetic stirrer, a nylon adsorp-
tion bag, and a fiber-optic probe. Here, the adsorption bag enabled in-situ light absorption measure-
ment by eliminating the interference of sorbent particles with the aid of the membrane. Adsorption 
conditions such as solvent, sorbent, and temperature were optimized. At a relative low-tempera-
ture range from 258 to 283 K, the adsorption capacity of HPD300 for AO increases with tempera-
ture, which was a spontaneous, endothermic adsorption process. On the contrary, at near room 
temperature region from 283 to 308  K, adsorption capacity decreases with temperature and it’s a 
favorable, exothermic adsorption process. The AO adsorption process fits the Freundlich model bet-
ter than the Langmuir model under the system at all temperatures. Maximum adsorption of aur-
amine-O on HPD300 resin was obtained at 283 K. This approach could provide facile and accurate 
measurement of adsorption in a wide range of temperatures.
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1. Introduction

Liquid-phase adsorption plays a very important role 
in many fields. However, sampling and determination of 
adsorption in the liquid phase, is still being operated off-
line, due to the complexity of the system comparing to the 
gas phase [1,2]. Gas-phase adsorption has been developed 
earlier and growing rapidly. Thomas et al. [3] reported the 
in-situ kinetic measurements of gas-phase firstly in 1991. 
An in-situ gas-phase thermal desorption spectroscopy 
was developed to investigate the adsorption/desorption of 

hydrogen by Pd clusters [4]. Comparatively, the measure-
ment of liquid-phase adsorption (LPA) was complicated due 
to the existence of solvent. Daems et al. [5] studied the LPA 
of alkane/alkene mixtures on NaY zeolites using both static 
and flow-through adsorption methods. MacKenzie reviewed 
the passive solid-phase adsorption method for real-time 
monitoring of micro algal toxins in freshwater systems [6]. 
This method can be used as a supplementary technique 
to reduce labor-cost associated with the traditional shell-
fish monitoring method. Cavezza et al. [7] reported in-situ 
methanol adsorption onto aluminum oxide monitored by 
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an integrated attenuated total reflectance Fourier-transform 
infrared spectroscopy system. This integrated approach is 
an excellent way to characterize the effect of solvent on the 
metal oxide surface in-situ at the liquid/solid interface, but 
the detection system is complicated.

The conventional measurements of adsorption ther-
modynamic in the liquid phase were generally tedious, 
labor-cost, and time-consuming. Adsorption temperature 
cannot be strictly controlled throughout the experiment 
due to the effect of sampling, filtration, centrifugation, or 
dilution processes onto the temperature. Although various 
analytical techniques such as liquid chromatography-mass 
spectrometry [8,9] and gas chromatography-mass spectrom-
etry [10] have been applied in adsorption thermodynamics, 
there are still some problems to be solved. The limited data 
points obtained from sampling method is another weak-
ness of traditional adsorption measurement. Thus, in-situ, 
convenient and rapid analytical techniques are needed 
for developing adsorption measurement in liquid phase.

Over the past 30 years, the fiber-optic sensing tech-
nology has become more popular in different scientific 
disciplines due to its cost-effectiveness, compactness, flex-
ibility, and high accuracy [11]. Fiber-optic sensors possess 
the capability of translating a change of target analyte into 
optical signals and subsequently transmitting an optical 
signal with target analyte information to people, machines, 
or systems in real-time, even from a long distance [12]. 
Fiber-optic sensing based on ultraviolet-visible adsorption 
has been widely used in various fields such as environ-
mental monitoring [13], explosive gas detection [14], drug 
dissolution tests [15], and on-line sampling [16,17].

Auramine (4,4-dimethylaminobenzophenonimide) and its 
hydrochloride salt are extensively used in the paper, textile, 
leather, plastic, and carpet industry [18,19]. Auramine-O 
(AO), a cationic basic dye, is an important organic chemical 
raw material and its chemical structure is shown in Fig. 1. 
It is soluble in water and ethanol [20]. Colored materials 
and dyes are non-biodegradable, highly persistent, and 
cause pollution. Dye manufacturers always use the cheapest 
and stable dyes such as AO [21]. The International Agency 
for Research on Cancer has proved that AO has carcino-
genic ability amongst the chemicals which are associated 
with biotransformation of reactive species in target organs 
of humans and rats [22]. Therefore, it is an urgent task to 
remove AO from wastewater through an economical and 
environmentally friendly way. Among various treatment 
methods, adsorption is the most attractive approach due 

to it is simplicity, high removal efficiency, and economic 
feasibility [23–26].

Herein, we report an in-situ measurement of LPA of AO 
on MARs at low temperatures (e.g., 258 K) based on fiber-
optic sensing. A conical thermostatic vessel with inlet-outlet 
was constructed and ethanol was refluxed with a condens-
ing circulating pump to produce low temperature. Packing 
adsorbents in an adsorption bag enabled in-situ light 
absorption measurement via eliminating interference of 
sorbent particles with the aid of membrane. The adsorption 
bag, magnetic stirrer, and fiber-optic probe were placed in 
the thermostatic adsorption vessel. MARs were chosen as 
the model sorbent for adsorption thermodynamics of AO, 
since they have strong adsorption capacity and low cost 
[27]. For comparison, the absorption spectra of AO in differ-
ent solvents were tested by two spectrophotometers (tradi-
tional and fiber-optic), respectively. Adsorption parameters 
such as solvent, sorbent, and temperature were optimized. 
The adsorption behavior and mechanism of AO in liquid 
phase were discussed.

2. Experimental

2.1. Materials

Six MARs including AB-8, D101, HPD300, HPD500, 
HPD600, and NKA-9 were purchased from Cangzhou Bon 
Adsorber Technology Co., Ltd., (Hebei, China). Auramine-O 
was obtained from Tokyo Chemical Industry Co., Ltd., 
(Shanghai, China). Analytical grade methanol, ethanol, 
sodium hydroxide, KH2PO4, and K2HPO4 were purchased 
from Sinopharm Chemical Reagent (Shanghai, China) and 
ultrapure water was obtained from a water purification 
system (Chengdu, China).

2.2. Instrumentation

Fig. 2 shows the schematic diagram of the fiber-optic 
detection system for liquid-phase adsorption. System 
configurations such as light source, detector, and fiber-
optic probes are the same as those reported in our previous 
paper [1]. A conical thermostatic vessel with inlet-outlet 
was designed and connected to a condenser circulating 
pump which produces low temperature using ethanol as a 

Fig. 1. Chemical structure of Auramine-O.
Fig. 2. Scheme of low temperature adsorption measurement 
system.
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cooling agent. Magnetic stirrer, adsorption bag, and fiber-
optic probe were placed in the thermostatic adsorption vessel 
for in-situ measurement of adsorption thermodynamics.

2.3. Activation of MARs

The activation process of MARs was described in our 
previous papers [1,2]. In brief, 0.1  g MARs were sealed 
into a 200-mesh nylon bag (2  cm ×  2  cm) and put into the 
conical flask with a cover. Resins were immersed in etha-
nol for 46  h and then rinsed with water thoroughly till no 
residual ethanol was found. Activated MARs in bags were 
obtained after air-dried.

2.4. AO standard curve

A 1,000  mg  L–1 stock solution was prepared by accu-
rately weighing and dissolving 0.0500  g of AO in 50  mL 
methanol. Different volumes of AO were aspirated from 
the stock solution and diluted with 30% methanol-PBS 
(pH  =  8.3), 30% methanol-water (v:v  =  3:7), and 30% 
ethanol-water mixtures, respectively, to prepare AO with 
the concentration range from 0.5 to 10 mg L–1. Absorbance 
of AO was measured using traditional and fiber-optic 
spectrophotometer at maximum absorption wavelength 
(435 nm), respectively. The calibration curves of the relation-
ships between absorbance and concentration were obtained.

2.5. Adsorption measurement

The adsorption bag filled with activated sorbent HPD300 
(0.1 g) was put into the adsorption vessel containing 150 mL 
of AO in 30% methanol-PBS (v/v  =  3:7, pH  =  8.3), with the 
initial concentrations (C0) of AO ranging from 2 to 10 mg L–1. 
The mixture solution was magnetically stirred at 350  rpm. 
As shown in Fig. 2, the temperature was controlled by 
thermostatic vessel with inlet–outlet which linked to a con-
densing circulating pump. Adsorption measurement of AO 
was conducted by fiber-optic spectrophotometer at 435 nm 
at temperatures ranging from 258 to 308 K. Firstly, deute-
rium light source was turned on for 30  min to warm up. 
The spectra suite software was opened; the integration and 
the smoothing width time were set to 17 and 5 ms, respec-
tively. Next, an optical probe with a 5 mm light path was 
selected for the measurement and dipped into reference 
solvent of 30% methanol-PBS (v/v = 3:7, pH = 8.3). The sig-
nal intensity level was adjusted to 3,500 counts at the cor-
responding detection wavelength (435  nm), the reference 
and dark spectra were saved. If the absorption change 
was no more than 0.002 within 2  h (slope ∆A/∆t  <  0.001), 
it was decided that the adsorption reached apparent 
equilibrium state. The equilibrium adsorption capac-
ity was calculated according to the calibration curve and 
the following equation.

Q C C V
me e= −( )×0 	 (1)

where Qe (mg  g–1) is the adsorption capacity of MARs 
at the equilibrium, C0 is the initial concentration of 
AO, Ce (mg  L–1) is AO concentration at the equilibrium, 

m (g) is the weight of the MARs, and V (L) is the volume 
of the adsorption solution.

For comparison, the UV-vis spectrophotometer was 
used to measure the adsorption capacity of AO on MARs 
at room temperature. For this purpose, AO solutions in the 
range of 1–8  mg  L–1 in 30% methanol-PBS were prepared, 
and a 0.1  g MARs adsorption bag was put into the con-
ical flasks filled with 150  mL of AO, and the mixture was 
magnetically stirred at 298  K for 15  h. After the adsorp-
tion, 1 mL of AO was taken, and absorbance was measured 
without separation. Equilibrium concentration was calcu-
lated according to the corresponding calibration curve and 
adsorption capacity was obtained using Eq. (1).

3. Results and discussion

3.1. Standard curves of AO with different solvents

Absorbance from the in-situ method and the conven-
tional method for AO were compared, as shown in Fig. 3a. 
Almost the same linearity was attained using the two detec-
tors over the concentration range of 0.5–10  mg  L–1, with a 
regression coefficient of 0.9999. Fig. 3b and Fig. S1 show 
the standard curves of AO in different solvents and the 
linear equation of AO in 30% methanol-PBS solution is 
Y = 0.1070X + 0.00925, where Y stands for the absorbance of 
AO and X corresponds to the concentration of AO (mg L–1). 
It shows that the homemade fiber-optic detection system 
can accurately determine the adsorption of the solution.

3.2. Investigation of the solvent

To investigate the adsorption measurement in low tem-
perature, appropriate amount of methanol or ethanol were 
added to the water to avoid condensation of water below 
0°C. Various 1%–35% (v) methanol or ethanol–water solvents 
were prepared. Mobility and icing conditions of these mix-
tures were tested in low temperature (248  K). Adsorption 
capacity of MARs decreases with an increase in metha-
nol or ethanol content, thus 30% of organic solvent was 
selected to reduce the freezing points of an aqueous solution.

AO solution of 4 mg L–1 in 30% methanol-water (v/v = 3:7), 
30% ethanol–water (v/v  =  3:7) and 30% methanol-PBS 
(v/v = 3:7, pH = 8.3) were prepared, respectively. Adsorption 
bag containing HPD500 was put into the home-made ther-
mostatic adsorption vessel. The mixture was magnetically 
stirred at 258  K for 15  h. The absorbance of AO was mea-
sured by fiber-optic spectrophotometer at the adsorption 
equilibrium. The effect of the solvent was investigated. As 
shown in Fig. 4a. It can be seen that the highest adsorption 
capacity was obtained with 30% methanol-PBS as a solvent 
and this solvent was selected for subsequent investigation.

3.3. Screening of adsorbent

AO solution of 4 mg L–1 in 30% methanol-PBS (v/v = 3:7, 
pH = 8.4) was prepared. Adsorption bags containing differ-
ent kinds of MARs were put into the conical flasks filled 
with 150 mL of AO solution and mixtures were magnetically 
stirred at 298  K for 15  h. The absorbance of AO was mea-
sured by a traditional spectrophotometer at the adsorption 
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equilibrium. The results are shown in Fig. 4b. The adsorp-
tion capacity (Q) of AO on HPD300 is the highest in these 
resins. The possible reason was that the polarity of HPD300 
was well-matched with AO, the pore volume, and specific 
surface area was larger than that of others, resulting in the 
highest adsorption capacity. Thus, HPD300 was selected for 
the next investigation.

3.4. Effect of temperature

AO solutions of a series concentration in 30% meth-
anol-PBS were prepared and adsorbed by HPD300 at 
various temperatures. The absorbencies of AO were 
measured by fiber-optic spectrophotometer at adsorp-
tion equilibrium. The results are shown in Fig. 5, in the 

low-temperature range (258–283 K), the adsorption capac-
ity of AO decreases in the beginning and then increases. 
The adsorption capacity is the minimum at 268  K. In the 
high-temperature range (283–308 K), the adsorption capac-
ity of AO decreases with temperature and reaches the 
maximum at 283  K, which may be due to the increase in 
viscosity of AO solution and the limitation of molecular 
movement at low temperature [28], which hinders mass 
transfer and reduces sorption of AO molecules to the resin, 
resulting in low adsorption. On the contrary, in near room 
temperature zone, the adsorption decreases with tempera-
ture, which indicates that the adsorption of AO on HPD300 
is an exothermic process, low temperature is more favor-
able for this process. This result agrees well with other  
adsorbates [2].

Fig. 3. (a) Comparison of absorbance from the in-situ method and the conventional method for AO the range of 0.5–10  mg  L–1 
and (b) standard curves of AO in 30% methanol-PBS, λ = 435 nm.

Fig. 4. (a) AO adsorption in different solvents, V = 150 mL, T = 258 K, C(AO) = 4 mg L–1, m(HPD500) = 0.1 g and (b) the screening of MARs, 
m(MARs) = 0.1 g, V = 150 mL, and 4 mg L–1 of AO with 30% methanol-PBS (v/v = 3:7, pH = 8.4), T = 298 K.
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3.5. Adsorption thermodynamics

3.5.1. Adsorption isotherm

Adsorption isotherm is a specific description of adsorp-
tion equilibrium, which refers to the distribution of analyte 
in two phases at a certain temperature when adsorption 
reaches the equilibrium [29]. In the thermodynamic mea-
surement, the adsorption capacity is determined as a 
function of temperature. Hence, it is necessary to control 
the temperature precisely. In this work, the Langmuir 
and Freundlich models were used to simulate the exper-
imental results and adsorption process. These models 
may show the types of the interaction force between AO 
and the resin. Langmuir model [30] assumes a single layer 
adsorption state, which supposes that the activity of every 
adsorption site on the surface of sorbent is equal and the 
sorbate is adsorbed homogeneously without interaction. 
Freundlich model [31] describes a multilayer adsorption, 
which assumes that the surface of the sorbent is heteroge-
neous. Linear forms of Langmuir isotherms are expressed 
by the following equations:

1
Q Q Q K Ce L e

= +
1 1

max max

	 (2)

ln ln lnQ K
n

Ce F e= +
1 	 (3)

In Eqs. (2) and (3), Qe and Qmax (mg g–1) are the relative 
adsorption capacity and the monolayer adsorption capac-
ity, respectively. Ce (mg  L–1) is the concentration of AO 
at the adsorption equilibrium; KL (L mg–1) and KF (mg g–1)  
(L mg–1)1/n are the parameters of Langmuir and Freundlich, 
respectively.

The isotherm models are shown in Fig. 6, the param-
eters of Qmax, KL, KF, and n, linear regression equation 
and R2 values are shown in Table 1. By comparing of R2, 
the adsorption pattern better fits Freundlich model than 
Langmuir model at all temperatures. It is suggested 
that the adsorption of AO by HPD300 is the multilayer 
adsorption onto a heterogeneous surface. The value of 1/n 
indicates the energy or intensity of the interaction and sug-
gests the favorability and capacity of the sorbent-sorbate 
system, that is, irreversible (1/n = 0), favorable (0 < 1/n < 1), 
or unfavorable (1/n > 1). As shown in Table 1, n is greater 
than 2, revealing that the AO molecule can be favorably 
adsorbed by HPD300 resin.

3.5.2. Thermodynamic parameters

The adsorption free energy (∆G, kJ  mol–1), enthalpy 
(∆H, kJ  mol–1), and entropy (∆S, J  mol–1  K–1) were calcu-
lated from the adsorption of AO over HPD300 at various 
temperatures. Based on the thermodynamic theory, the 
relationship can be described by the following Eqs. (4) and 
(5), respectively [32,33]:

lnK S
R

H
RT

Q
CL
e

e

= − =
∆ ∆ 	 (4)

∆ ∆ ∆G H T S= − 	 (5)

where R is the gas constant (8.314  J  mol–1  K–1) and T is 
the absolute temperature (K). ∆H and ∆S values were cal-
culated from the slope and intercept of the linear regres-
sion of lnKL against 1/T, respectively. Thermodynamic 
parameters of AO onto the HPD300 at temperatures 
ranging from 268 to 283 K are listed in Table 2. The posi-
tive value of ΔH suggests the adsorption process is endo-
thermic and an increase in temperature is beneficial to 
the adsorption. The positive value of ∆S indicated the 

Fig. 5. Adsorption capacity of HPD300 for AO (2–10  mg  L–1) 
at different temperatures V  = 150 mL, m(HPD300)  = 0.1 g, solvent: 
30% methanol-PBS (v/v = 3:7, pH = 8.4).

Table 1
Langmuir and Freundlich isotherm parameters for adsorption of AO on HPD300 resin at different temperatures

Langmuir Freundlich

T (K) Regression equation Qmax (mg g–1) KL (L mg–1) R2 Regression equation KF (mg g–1)(L mg–1)1/n n R2

258 Y = 0.00945X + 0.142 7.042 15.03 0.8725 Y = 0.395X + 0.922 8.356 1.069 0.9804
268 Y = 0.0151X + 0.128 7.813 8.477 0.9440 Y = 0.498X + 0.973 9.397 2.008 0.9803
273 Y = 0.01X + 0.138 7.246 13.81 0.9149 Y = 0.495X + 1.089 12.27 2.020 0.9837
283 Y = 0.0016X + 0.155 6.452 96.88 0.8725 Y = 0.291X + 0.965 9.226 3.436 0.9877
298 Y = 0.003X + 0.151 6.623 50.33 0.8841 Y = 0.343X + 0.959 9.099 2.915 0.9658
308 Y = 0.0043X + 0.164 6.105 38.09 0.8791 Y = 0.3068X + 0.864 7.316 3.259 0.9365
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adsorption is an entropic increase process and is associated 
with an increase in randomness of the solid–liquid interface. 
The free energy (∆G) value of the adsorption was negative at 
all temperatures, which indicates that the adsorption pro-
cess was spontaneous. The increase in absolute value of 
∆G with temperature indicates that the higher temperature 
favors endothermic adsorption process of AO. This could 
also be evidenced by increase in binding capacity from 
268 to 283  K, implying the adsorption process is result of 
in chemical interaction as well as of physical interaction.

In the temperature range from 283 to 308  K, ther-
modynamic parameters of AO on HPD300 are shown in 
Table 3. The negative enthalpy change (∆H) suggests that 
the adsorption in this temperature range is an exothermic 
process, which is in accord with the decrease in adsorption 
capacity with temperature. The absolute values of ∆H are 
within 7–35 kJ mol–1, indicating that physical adsorption is 
the main contribution of the process. The negative values 
of entropy (∆S) suggest that randomness at the solid–liquid 
interface decreased during the adsorption of AO on HPD300 
surface. It also shows that the enthalpy change is the main 
contribution of AO adsorption on HPD300. The negative ∆G 
indicates that the adsorption of AO on HPD300 is a spon-
taneous process. The absolute value of ∆G decreases with 
temperature from 283 to 308  K, indicates that the higher 

temperature is not favorable for exothermic adsorption 
process of AO. 

It is obvious that very low and high temperature is not 
favorable for the adsorption of AO. The turning point of AO 
adsorption on HPD300 is 283  K, which may explain why 
some scholars often choose 283  K as the lowest tempera-
ture for adsorption study. However, the specific adsorption 
behavior and the mechanism at low temperatures need 
to be further studied.

4. Conclusions

A thermostatic adsorption vessel was designed and 
connected to a condensing circulating pump to enable the 
measurement of LPA at low temperatures. By comparison, 
the fiber-optic spectrophotometer was found to produce a 
calibration curve as good as a traditional spectrophotome-
ter does and be applied in LPA. The adsorption conditions 
such as resin type, solvent, and temperature were opti-
mized. HPD300 and 30% methanol-PBS (3:7, pH  =  8.3) 
were selected as the best MARs and solvent, respectively. 
At a relative low-temperature range from 258 to 283 K, the 
adsorption capacity of HPD300 increases with temperature 
and it is a favorable, spontaneous, endothermic adsorption 
process. On the contrary, the temperature ranged from 283 

Fig. 6. Isotherm models of AO on HPD300 (a) Langmuir and (b) Freundlich.

Table 2
Parameters of the thermodynamic adsorption of AO on HPD300 at low temperature

C0 (mg L–1) ΔH (kJ mol–1) ΔS (J K–1 mol–1) ΔG (kJ mol–1)

268 K 273 K 283 K

2 92.72 0.377 –8.411 –10.09 –14.07
4 44.14 0.189 –6.461 –7.405 –9.293
6 16.07 0.0811 –5.670 –6.076 –6.886
8 5.85 0.0429 –5.640 –5.855 –6.284
10 6.98 0.0463 –5.431 –5.663 –6.126
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to 303  K, the adsorption capacity decreases with tempera-
ture and it is a favorable, spontaneous, and exothermic 
process. Maximum adsorption was obtained at 283  K. AO 
adsorption process fits the Freundlich model better than 
the Langmuir model at all temperatures. 
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