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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Lactose and lactic acid had opposite ef-
fect on powder glass transition 
temperature. 

• Higher lactic acid concentration 
increased wall deposition during spray 
drying. 

• Differences in powder surfaces were 
characterized with Raman microscopy 
and XPS. 

• Higher proportion of lactose/lactic acid 
on surface lead to higher wall 
deposition.  
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A B S T R A C T   

Lactose and/or lactic acid was added to four acidified dairy formulations before spray drying in a small-scale 
pilot plant spray dryer, to investigate the effect on powder surface composition and wall deposition during 
spray drying. Addition of lactic acid significantly reduced the glass transition temperature of powders, whereas 
lactose had the opposite effect. Addition of lactic acid also led to a significant increase in wall deposition. No 
significant effect of the formulations was observed for moisture content, water activity and particle size. LF-NMR 
analysis suggested that lactic acid caused shift of water protons from a more mobile fraction to a tightly bound 
fraction. Confocal Raman microscopy and X-ray photoelectron spectroscopy (XPS) showed that the particle 
surface in all powders was dominated by proteins. Adding lactose and lactic acid increased the proportion of both 
components on the particle surface, thus making powders more susceptible to sticking and causing higher wall 
deposition.   
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1. Introduction 

The main challenges encountered during spray drying of acidified 
dairy products are associated with high deposition of particles on the 
walls of the drying chamber, commonly related to powder stickiness. 
Such deposition decreases the overall production efficiency (yield) as 
well as compromises the quality of the final product [1–3]. The mech-
anism of particle deposition depends on various factors, such as the size 
and the type of the spray dryer, wall surface energy, inlet swirl angles, 
operating conditions and feed formulation [3]. 

The sticky behaviour during spray drying of acidified dairy products 
has been attributed to the presence of lactic acid, which is reported to 
reduce the glass transition temperature in lactose solutions [4,5]. The 
glass transition temperature has been accepted as a relevant parameter 
to describe the stickiness of amorphous foods, where the sticky tem-
perature is generally valued at 20 ◦C above the glass transition tem-
perature [6,7]. At temperatures below its glass transition temperature, 
an amorphous material exists in a less mobile, glassy state. Approaching 
the glass transition temperature, the viscosity of the system decreases, 
and the material undergoes a transition into a more mobile, rubbery 
state [6–8]. It is however important to emphasize that during spray 
drying, the formation of the powder in glassy state occurs from wet via 
rubbery to glassy, causing the particles to be sticky before the glassy 
state is achieved, and consequently leading to the adhesion of the ma-
terial to the walls of the spray dryer. The transition from a glassy to a 
rubbery state in powders can be determined by measuring the molecular 
mobility using low-field nuclear magnetic resonance (LF-NMR), which 
has been observed as an increase of transverse (spin-spin) relaxation 
time constants (T2n) in work done by Chung et al. [9] and Schmitz-Schug 
et al. [10]. 

The effect of lactic acid concentration during spray drying of lactose 
and lactose/protein solutions and the properties of spray dried powder 
has been studied by Chandrapala and Vasiljevic [5] and Saffari and 
Langrish [4], respectively. The authors reported that lactic acid plays a 
significant role in decreasing the yield of the spray drying process, 
attributed to stickiness caused by a decrease in glass transition tem-
perature. However, the effect of lactic acid is reduced in the presence of 
proteins in the lactose solutions. To the best of our knowledge, no 
studies have been found on the effect of lactose and lactic acid on the 
glass transition temperature of an acidified multicomponent dairy 
system. 

Furthermore, stickiness of powder is highly influenced by the surface 
properties and characteristics of individual powder particles. During 
particle formation in spray drying, depending on feed composition and 
operating conditions, the components of the feed tend to phase separate 
due to water evaporation. Consequently, this may result in contrastingly 
different bulk and surface composition [6]. Adhikari et al. [11] studied 
the efficacy of proteins (whey protein isolate and sodium caseinate) on 
minimizing surface stickiness during spray drying of sugar-rich food. 
They observed an increase in yield by a small addition of proteins due to 
the migration of protein molecules to the droplet surface and subsequent 
transformation of a protein-rich film into a non-sticky state upon drying. 
To the best of our knowledge, the effect of particle surface composition 
on stickiness during spray drying of acidified dairy products has not 
been investigated previously, and only a limited number of studies have 
reported the component distribution in powder particles produced in a 
pilot plant dryer [12–14]. 

Hence, this paper aims to investigate the effect of feed composition, 
in terms of concentration of lactose and lactic acid in four different 
acidified dairy formulations with 9.4 to 13.4% (w/w) total solids, on 
wall deposition during the spray drying process. To obtain a better un-
derstanding of the distribution of components on the surface of indi-
vidual powder particles, and consequently, the influence on powder 
stickiness during spray drying, confocal Raman microscopy combined 
with X-ray photoelectron spectroscopy (XPS) was used in this study. 

2. Materials and methods 

2.1. Materials 

Analytical grade α-Lactose monohydrate (BioXtra, ≥ 99% total 
lactose basis (GC)) and natural lactic acid solution (≥ 85%) were ob-
tained from Sigma-Aldrich (St. Louis, Missouri, USA). Skyr was supplied 
from Thise Mejeri (Skyr Natural, Roslev, Denmark) and was kept at 
+4 ◦C until further used for the preparation of formulations. The skyr 
composition, as reported by the manufacturer, is presented in Table 1. 
Lactic acid concentration in skyr was determined enzymatically (ISO 
8069:2005/IDF 69). Deionized water was used as a solvent. 

2.2. Methods 

2.2.1. Preparation of formulations 
Five different formulations (Table 1) were prepared by mixing skyr 

with lactose and/or lactic acid to a final dry matter of 9.4–13.4% (w/w). 
Formulation 1, serving as control, was prepared by mixing skyr and 
deionized water for 45 min. Formulations containing an additional 
amount of lactose were prepared by firstly dissolving 2% (w/w) of 
α-lactose monohydrate in deionized water at room temperature and 
stirring the solution for 45 min, prior to mixing it with skyr. Experiments 
carried out with formulations containing an additional amount of lactic 
acid were prepared by firstly mixing skyr and deionized water (or so-
lution containing deionized water and lactose) for 45 min, after which 
2% (w/w) of lactic acid was gradually added to the mixture. All for-
mulations were stirred for 1 h at 35 ◦C in a water bath prior to spray 
drying. 

2.2.2. Spray drying 
The experiments were carried out in a small pilot scale spray dryer 

(GEA Mobile Minor, GEA Process Engineering A/S, Soeborg, Denmark) 
operating in co-current mode. The drying chamber has an internal 
diameter of 0.8 m, a cylindrical height of 0.65 m, a 40◦ bottom cone 
angle and is equipped with pneumatic hammers helping to dislodge 
particles adhered to the walls of the drying chamber. A stainless-steel 
plate (SAE 316 L, 1 mm thick) was inserted in the cylindrical section 
of the spray dryer to analyse the surface composition of adhered powder 
particles with confocal Raman microscopy. 

The feed was maintained constant at 35 ◦C using a water bath and 
was pumped by a pneumatically powered peristaltic pump (Watson- 
Marlow 505 L pump head) and atomised into the spray drying chamber, 
using a two-fluid nozzle with 2.0 mm orifice diameter and air as the 
atomisation gas. The inlet air temperature of 160 ◦C with a flow rate of 
80 ± 0.2 kg/h, outlet air temperature of 80 ◦C, and nozzle air flow rate 
of 7 ± 0.2 kg/h were the operating conditions fixed for all the experi-
ments. The process was initiated by spraying deionized water for 45 min 
to check the nozzle performance and allow it to reach the steady-state 
condition. After introducing the feed to the spray dryer, the process 
was run for two hours, during which powder was collected from the 
cyclone into a glass jar and used for further analysis. Powder was also 
collected from within the drying chamber by carefully brushing it off 
(referred to as wall deposition in Tables 2 and 3). 

Process yield was calculated as the mass ratio of the total solids 
content in the powder collected from the cyclone by total solids content 
in the feed introduced to the spray dryer, expressed as a percentage. 
Since a certain amount of powder build up in the piping from the spray 
dryer as well as in the cyclone and bag filter could not be directly 
quantified, confirmation of the overall mass balance was not possible. 
Thus, only collected powder was considered when evaluating the pro-
cess yield. 

2.2.3. Moisture content and water activity 
The moisture content of powder samples was determined gravimet-

rically by oven drying at 102 ◦C for 3 h [15]. Water activity values were 
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measured at 20 ± 1 ◦C using a water activity measurement device, 
Rotonic HygroPalm 23 (Rotronic AG, Switzerland). 

2.2.4. Particle size analysis 
Particle size distribution of obtained powders was measured using a 

laser diffraction particle size analyser, Mastersizer 2000 (Malvern In-
struments Inc., Worcestershire, UK), with a dry powder dispersion unit. 
Approximately 10 g of powder was dispersed in a compressed air stream 
(P = 50 kPa). All measurements were performed with material refractive 
and absorption indices of 1.0 and 0.1, respectively. The particle size was 
expressed as volume median diameter (Dv,0.5). 

2.2.5. Differential scanning calorimetry 
The glass transition temperatures (Tg) of spray-dried powders were 

determined by differential scanning calorimetry (DSC 1 STARe System, 

Mettler Toledo, Switzerland) in a normal pressure cell. Approximately 
10 mg of each sample was scanned in a hermetically sealed 40-μL 
aluminium pan. The samples were first heated from − 20 to 70 ◦C at a 
rate of 10 ◦C/min to eliminate the relaxation of the matrix, followed by 
rapid cooling to − 20 ◦C at 45 ◦C/min, and subsequently heated to 120 ◦C 
at a rate of 10 ◦C/min. An empty sealed aluminium pan was used as a 
reference in each run. The scans were normalized according to the 
sample weight and onset temperatures were determined in the final 
heating step, using STARe thermal analysis software, 12.1 (Mettler 
Toledo) and an in-house MATLAB (version R2019a, MathWorks MA, 
USA) script. 

2.2.6. Low field nuclear magnetic resonance (LF-NMR) spectroscopy 
The water mobility in the spray dried powders was measured by LF- 

NMR using MQR Spectro-P spectrometer (Oxford Instruments, 

Table 1 
Composition of the feed formulations before spray drying.a   

Skyr (%, w/w) Formulation 1 (%, w/w) Formulation 2 (%, w/w) Formulation 3 (%, w/w) Formulation 4 (%, w/w) Formulation 5 (%, w/w) 

Protein 11.0 6.6 6.6 6.6 6.6 6.6 
Lactose 3.5 2.1 4.1 2.1 4.1 3.1 
Lactic acid 0.9 0.5 0.5 2.5 2.5 1.5 
Fat 0.2 0.1 0.1 0.1 0.1 0.1 
Minerals 0.1 0.1 0.1 0.1 0.1 0.1 
Water 84.3 90.6 88.6 88.6 86.6 88.6 
Dry matter 15.7 9.4 11.4 11.4 13.4 11.4  

a Composition of the feed formulations calculated based on skyr composition provided by the manufacturer. 

Table 2 
Experimental conditions and measured values of the response variables from 22 factorial design with included centre points.    

Factors Responses 

Sample Feed formulationa Lactoseb (%, w/w) Lactic acidb (%, w/w) MC (%, w/w) aw Tg (◦C) Dv, 0.5 (μm) Yield (%) Wall deposition (g) 

E1 1 0 0 3.5 ± 0.21 0.205 ±
0.002 

30.9 ± 0.0 11 ± 0.0 57 61 

E2 2 2 0 4.3 ± 0.01 0.185 ±
0.003 

37.6 ± 0.5 16 ± 0.6 51 83 

E3 3 0 2 4.2 ± 0.04 0.255 ±
0.002 

16.0 ± 0.1 19 ± 0.6 35 163 

E4 4 2 2 3.4 ± 0.05 0.190 ±
0.001 

27.9 ± 0.0 16 ± 1.2 57 119  

CP1 5 1 1 4.5 ± 0.02 0.239 ±
0.002 

24.0 ± 1.7 19 ± 0.6 43 115 

CP2 5 1 1 4.0 ± 0.05 0.240 ±
0.001 

27.9 ± 0.0 18 ± 0.0 47 133 

CP3 5 1 1 4.0 ± 0.02 0.236 ±
0.002 

27.9 ± 2.9 19 ± 0.7 53 110 

MC, moisture content; aw, water activity; Tg, glass transition temperature (onset value); Dv,0.5, volume median diameter. 
a See Table 1 for the composition of feed formulations before spray drying. 
b The added concentration of each component in the feed formulation before spray drying. 

Table 3 
Results from ANOVA and regression analysis on 22 factorial design with included centre points showing the effect estimates, model correlation and p-value of the full 
model.  

Statistical results MC aw Tg(onset) Dv, 0.5 Yield Wall deposition 

(%, w/w) (◦C) (μm) (%) (g) 

Intercept (a0) 3.9 0.221 27.5 17 49 112 
Lactose (x1) – – 4.7 (**) – – – 
Lactic acid (x2) – – − 6.2 (**) – – 34.5 (**) 
Lactose*Lactic acid (x3) – – – – – – 
R2 – – 0.92 – – 0.73 
P-value – – < 0.0001 – – 0.0014 

* indicates significant effect term with * being 0.05 and ** 0.01. 
MC, moisture content; aw, water activity; Tg, glass transition temperature (onset value); Dv,0.5, volume median diameter. 
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Oxfordshire, UK) with an operating frequency of 20.5 MHz (0.47 T) for 
protons. Before the measurements, 2 g of each sample was transferred 
into an NMR glass tube (18 mm outer diameter) and preheated for 20 
min at the desired temperature to reach thermal equilibrium. All pow-
ders were analysed using the Carr-Purcell-Meiboom-Gill (CPMG) pulse 
sequence at 25 ◦C and 30 to 80 ◦C at 10 ◦C increments. The data were 
acquired with the pulse parameters set as follows: recycle delay 4 s, τ- 
delay 100 μs, 8000 echoes and 64 scans. 

Transverse relaxation time constants (T2n) and relative abundance 
(M2n) of proton populations were obtained by exponential fitting of the 
experimental data using an in-house MATLAB (R2019a, MathWorks, 
MA, USA) script according to Eq. (1): 

I(t) =
∑N

n=1
M2n × e− t/T2n (1)  

where I(t) corresponds to the echo intensity as a function of time, N is 
the number of proton populations in the sample determined by visual 
inspection of residuals after model fitting, T2n is the transverse relaxa-
tion time of component n and M2n is the corresponding abundance. 
Analyses were performed in triplicates, where each spectra was fitted 
individually and the averaged values of the spectra were then plotted. 

2.2.7. Confocal Raman microscopy 
The distribution of the components on the surface of the spray dried 

particles was analysed with a confocal Raman microscope (WITec 
alpha300 R, Ulm, Germany) using a 532 nm excitation laser. Analyses 
were performed on powder collected from the cyclone and powder 
deposited on the stainless-steel plate, in duplicates and single mea-
surements (due to the large size of the particle adhering to the plate), 
respectively. 

A powder sample was positioned on a microscopy slide and placed 
under the objective. Particles of the approximately same size were 
selected, and imaging was performed at room temperature (~22 ◦C) 
with a 100× air objective. The entire plate was placed under the 
objective when stainless steel plates were analysed. In this study, hori-
zontal (XY) scans were obtained with 1 s integration time per Raman 
spectrum and a laser power of 20 mW. One full Raman spectrum was 
recorded in each image pixel. Mapping of the powder particle compo-
sition was performed by comparing the collected spectra of powders 
produced from different formulations to the reference spectra of the 
individual components. Reference spectra were collected for the in-
gredients present in the formulations (α-lactose monohydrate, micellar 
caseinate isolate (MCI) and lactic acid) using 10× objective, as pre-
sented in Vickovic [16]. An image was constructed from the collected 
data using WITec Project 5.0 software package. Baseline offset correc-
tion, cosmic spike removal and Savitsky Golay smoothing were used as 
pre-processing methods to reduce the noise and improve the spectra 
quality. 

2.2.8. X-ray photoelectron spectroscopy (XPS) 
Surface composition of the powders was determined by XPS mea-

surements performed in ultra-high vacuum (10− 8 Pa). Powder samples 
were attached to a sample holder with double-sided conductive tape, 
whereupon the surface of the powders was irradiated by X-rays, 
inducing a complete transfer of X-ray photon energy to atomic electrons 
of the sample. Analyses were carried out using a Kratos Axis Ultra 
(Kratos Analytical, Manchester, UK) X-ray photoelectron spectrometer 
with a monochromatic Al X-ray source at 150 W. The analytical area was 
approximately 700 × 300 μm and the analytical depth 10 nm. Recorded 
XPS spectra were treated using the Kratos Vision software package, 
where quantification was performed using the photoemission cross- 
sections and transmission coefficients. 

The main elements (carbon, oxygen, nitrogen and minerals) detected 
at the powder surface were identified by means of their respective 
binding energy. As the powders contain lactic acid in addition to lactose, 

fat and proteins, it was not possible to convert the atomic concentration 
into component concentration as commonly done for milk powder 
[17–19]. 

2.2.9. Experimental design and statistical analysis 
A two level factorial design with three replications at the center point 

was used for the experimental design. Two independent factors, lactose 
and lactic acid concentration, were varied in four runs (Table 2). Each 
measurement in an experimental run was carried out in triplicates, and 
the result reported is the mean value, also used for modelling. 

Analysis of variance (ANOVA) and regression analysis were per-
formed for each response on fitting the model containing the main ef-
fects and their interaction (given by Eq. (5)). 

Y = a0 + a1x1 + a2x2 + a3x1x2 + ε (5)  

where Y is the response, a’s are the coefficients relating the factors 
changes with each response, x1 and x2 are the independent factors, 
lactose and lactic acid concentration, respectively, x1x2 represents the 
interaction term and ε is the experimental error [20]. The model is 
examined against the test criteria with an alpha value of 0.05. All results 
obtained were analysed using JMP® Pro 15.0 (SAS Institute Inc., Cary, 
NC) statistical software. 

3. Results and discussion 

The main results obtained on the effect of lactose and lactic acid 
concentrations on powder properties and wall deposition during spray 
drying are summarised in Table 2. CP1–3 samples are included as center 
points of the experimental design, which served as replicates. The results 
of ANOVA and regression models are presented in Table 3, showing that 
lactose and lactic acid concentration significantly influenced glass 
transition temperature and wall deposition, whereas no significant ef-
fects were observed on moisture content, water activity, particle size and 
process yield within the range of tested formulations. Feed formulations 
of different initial dry matter content were used during drying experi-
ments. An increase in dry matter content of feed formulations tends to 
have an influence on evaporation characteristics during particle for-
mation in the drying chamber, where generally this would result in an 

Fig. 1. Differential scanning calorimetry (DSC) thermograms of spray dried 
powders, showing thermal transitions of the final heating step. The added 
concentration of each component (lactose: Lac; lactic acid: LA) in the feed 
formulation before spray drying: E1: 0% Lac, 0% LA; E2: 2% Lac, 0% LA; E3: 
0% Lac, 2% LA; E4: 2% Lac, 2% LA. 
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increase in particle size [21]. However, based on the results from 
ANOVA and regression models, particle size was not significantly 
influenced by feed formulation. 

3.1. Effect on glass transition temperature 

Fig. 1 presents the DSC thermograms of the collected powders. The 
powders containing added lactose and/or lactic acid (E2, 3 and 4) dis-
played evident phase transition during thermal analysis, while powder 
with no added ingredients (E1) showed a less defined baseline shift, 
indicating that glassy state is affected by the addition of lactose and/or 
lactic acid to feed formulations. 

The glass transition temperatures of spray dried powders are given in 
Table 2 with corresponding moisture content and water activity values. 
The glass transition temperatures varied from 16.0 ± 0.1 ◦C for powder 
produced from the feed formulation where only lactic acid was added 
(E3) to 37.6 ± 0.5 ◦C for powders made using the formulation with 
solely added lactose (E2). Interestingly, the glass transition temperature 
of the E4 powder with an additional amount of both lactose and lactic 
acid was comparable to the glass transition of the E1 powder with no 
added ingredients, despite having different concentrations of those two 
components. These results indicate that the amount of lactose and lactic 
acid in the feed plays an important role in determining the glass tran-
sition temperature of an acidified dairy matrix. Likewise, these two 
components also appear to control the range over which glass transition 
occurs. As seen in Fig. 1, despite having comparable glass transition 
temperatures, the E4 powder has a more distinct and shorter baseline 
shift compared to the E1 powder (Fig. 1). Hence, a safety margin of 20 ◦C 
above the glass transition temperature is possibly affected by composi-
tion and needs to be considered in order to specify safe process 
conditions. 

The statistical model tested for glass transition temperature 
demonstrated that lactose and lactic acid were both significant effects 
and with no interaction term (Table 3). An increase in lactic acid con-
centration in spray dried powders reduced the glass transition temper-
ature, whereas an additional amount of lactose had the opposite effect. 
As previously reported [22–24], lactose is the primary determinant of 
glass transition temperature in milk powders and is largely influenced by 
plasticiser content (i.e water, lactic acid). This has been confirmed in the 
present study, as the powder with added lactose content showed the 
highest glass transition temperature (E2). With the addition of 2% (w/w) 
of lactic acid to the feed formulation (E4), the glass transition temper-
ature decreased from 37.6 ± 0.5 to 27.9 ± 0.0 ◦C, demonstrating the 
sensitivity to the presence of a plasticiser. The results agree with pre-
vious studies done by Chandrapala and Vasiljevic [5], Saffari and 
Langrish [4] and Shrestha et al. [25], who observed a substantial 
decrease in glass transition temperature with an increase in lactic acid 
concentration working with model acid whey solutions. 

3.2. Effect on wall deposition 

The wall deposition was evaluated by the amount of powder 
adhering to the walls of the drying chamber at the end of the drying 
experiment and used as an indicator of stickiness. As shown in Table 2, 
the highest wall deposition of 163 g was observed when producing 
powder with the additional amount of lactic acid in the feed formulation 
(E3), whereas the lowest wall deposition of 61 g was observed for 
powder with no added ingredients (E1). 

The statistical results confirmed that wall deposition was signifi-
cantly influenced by lactic acid concentration, where an additional 
amount of lactic acid in the feed formulations caused an increase in the 
amount of adhered powder during spray drying (Table 3). This could be 
related to the lower glass transition temperature of the powders in the 
presence of lactic acid as previously observed with DSC measurements 
(Table 2). Lactic acid has a low glass transition temperature (Tg = −

60 ◦C) [26], which tends to lower the overall glass transition 

temperature of the system. Above this temperature, a decrease in vis-
cosity of the amorphous material occurs, thus allowing enhanced 
mobility and making particles more prone to adhering to the walls of the 
drying chamber [5] However, a difference in wall deposition was 
observed comparing the E4 powder that contains an additional of 
amount lactose and lactic acid (119 g) with the E1 powder with no 
added ingredients (61 g), although the powders showed comparable 
glass transition temperatures, 27.9 ◦C and 30.9 ◦C, respectively. The 
results confirm that powder stickiness is not only related to glass tran-
sition temperature, but the surface of individual powder particles also 
needs to be taken into consideration, as suggested by Huppertz and 
Gazzi [27]. 

Likewise, the results show some interesting aspects as lactic acid 
concentration was not found to significantly influence the process yield. 
Similar observations were made in our previous study on the effect of 
lactic acid concentration and process conditions on stickiness of acidi-
fied skim milk [28]. It was concluded that wall deposition is both a result 
of the physiochemical properties of the feed formulation, and a result of 
the spray dryer layout itself, and hence, problematics linked to wall 
deposition should be investigated separately. 

3.3. Moisture content, water activity and particle size distribution 

As can be seen from Table 2, no major differences in moisture content 
were found amongst the produced powders. However, the powders 
containing an additional amount of lactose (E2) and lactic acid (E3) 
displayed slightly higher moisture content values, 4.3 ± 0.01 and 4.2 ±
0.04% (w/w), respectively, when compared to the control sample (E1) 
with no added ingredients (3.5 ± 0.21). The differences were more 
pronounced with respect to water activity, 0.255 ± 0.002 being the 
highest for E3 powder and 0.185 ± 0.003 being the lowest for E2 
powder. 

Multimodal particle size distributions were observed for all powders 
with partially overlapping peaks ranging from sizes <1 μm up to 
approximately 800 μm (Fig. 2). As seen from Table 2, the control sample 
with no added ingredients (E1) had the smallest median particle size of 
11 ± 0.0 μm. With the addition of lactic acid to the feed formulation, a 
slight shift of the particle size distribution towards larger particles and 
an increase in median particle size (19 ± 0.6 μm) was observed for E3 
powder. Moreover, the addition of lactic acid led to the appearance of a 

Fig. 2. Particle size distribution of spray dried powders. The added concen-
tration of each component (lactose: Lac; lactic acid: LA) in the feed formulation 
before spray drying: E1: 0% Lac, 0% LA; E2: 2% Lac, 0% LA; E3: 0% Lac, 2% LA; 
E4: 2% Lac, 2% LA. 
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new shoulder/peak in the particle size distribution (Fig. 2). 

3.4. Analysis of powder by LF-NMR 

LF-NMR was used to monitor the changes in proton mobility of spray 
dried powders as a function of temperature (25, 30–80 ◦C with 10 ◦C 
increments). Fig. 3A and B show changes of transverse relaxation time 
constants (T21 and T22), taken as a measure of proton mobility. After the 
bi-exponential fitting of CPMG curves, two proton populations were 
identified at all temperatures for all produced powders corresponding to 
transversal relaxation times varying from 0.2 to 26 ms (T21) and 54–300 
ms (T22). The fast-relaxing proton population, T21, corresponds to the 
tightly bound water protons associated with the lactose, lactic acid and 
proteins, whereas the slow-relaxing proton population, T22, relates to 
water protons of more mobile water. 

As shown in Fig. 3A, the E1 powder with no additional amount of 
lactose and lactic acid showed considerably higher T21 relaxation times 
at temperatures between 25 and 80 ◦C when compared with other 
powders, indicating that the addition of lactose and lactic acid affects 
the molecular rearrangement and limits the mobility of water in spray 
dried powders. This is consistent with Wijayasinghe et al. [29] who 
proposed a mechanism for lactose behaviour in the presence of lactic 
acid during dehydration, stating that adding lactic acid to lactose solu-
tions reduces the mobility of water by enhancing the attraction forces 
between lactic acid and water. The results of the present study contrast 

with work done by Felix da Silva et al. [30], who reported the lack of 
influence of lactose on water mobility in cheese powders. T21 relaxation 
times slightly increased with increasing temperature until 40 ◦C due to 
the release of bound water. At 50 and 70 ◦C, a sharp decrease in T21 
values of E3 and E4 powders with the additional amount of lactic acid, 
respectively, was observed. In E3 and E4, absorbed water molecules by 
powders, due to the highly hygroscopic nature of lactic acid, possibly 
leads to plasticization and hence lowering of glass transition tempera-
ture [5]. 

Furthermore, raising the temperature from 25 to 80 ◦C resulted in an 
increase in T22 values at higher temperatures for all powders due to the 
higher mobility of less bound water. The temperature increase resulted 
in a migration of the water to the particle surface, causing further 
plasticisation of the matrix, characterized by increased proton mobility 
of the slow-relaxing proton population, T22. Consequently, the particle 
surface becomes sticky, hence promoting inter-particle binding. This 
phase transition is characterized by a decrease of the T21 transverse 
relaxation time of E3 and E4 powders to almost zero. 

Fig. 3C and D illustrate the corresponding relative abundances of 
fast-relaxing (M21) and slow-relaxing proton population (M22), respec-
tively. During the heating of the powders, no systematic change in 
relative abundances (M2n) was observed for E1 and E2 powders con-
taining no added lactic acid, whereas an increase of M21 to 85–95% and 
a decrease of M22 value to 5–10% (mirrored due to abundance of the 
protons being constrained to 100% in a two proton population system) 

Fig. 3. Changes of transverse relaxation time constants (T21 and T22) and corresponding relative abundances (M21 and M22) as a function of temperature after 
heating the spray dried powders. The added concentration of each component (lactose: Lac; lactic acid: LA) in the feed formulation before spray drying: E1: 0% Lac, 
0% LA; E2: 2% Lac, 0% LA; E3: 0% Lac, 2% LA; E4: 2% Lac, 2% LA.). Each bar shows the mean SD (n = 3). 
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were observed for E3 and E4 powders with the additional lactic acid 
content. This demonstrates the shifting of water protons from a more 
mobile fraction (M22) to a tightly bound fraction (M21), starting at 50 ◦C 
for E3 powder with the addition of lactic acid and 70 ◦C for E4 powder 
with the addition of both lactose and lactic acid. 

Hence, the temperature impacts the physical state of the powders, 
which affects the water proton mobility of both the tightly bound and 
mobile component. Accordingly, the LF-NMR results can be correlated 
with the amount of powder deposited on the walls of the drying 
chamber. The highest wall deposition was observed for E3 and E4 
powder, 163 and 119 g, respectively. The observation correlates well 
with the T21 values, where inter-particle binding and consequent shift-
ing of water protons from a more mobile fraction to a tightly bound 
fraction started at 50 and 70 ◦C, respectively, indicating that those 
powders were also more susceptible to stickiness during spray drying. 

3.5. Surface composition of the powders 

In the present study, confocal Raman microscopy was used to char-
acterize the surface composition of the powder particles. Mapping was 
obtained for the powder particles collected from the cyclone and from 
the stainless-steel plates placed in the cylindrical section of the drying 
chamber, where the adhesion of the powder particles to the surface of 
the plate could clearly be observed. Particles adhering to the plate were 
bigger in size compared to the collected powder particles (observed by 
microscopy), whereas no difference in surface composition could be 
observed. The composition of an individual powder particle was iden-
tified from the analysed reference spectra of the main components 
present in the powders, as described in detail by Vickovic [16]. Proteins, 
being a dominant component in the average spectra of the powder 
particle surface, displayed a peak at 1675 cm− 1 that can be attributed to 

amide I. Lactose showed peaks at 917 and 1087 cm− 1, corresponding to 
C–C stretching of glucose ring and COH bond, respectively. The pres-
ence of lactic acid was identified by the small peaks at 1055 and 1763 
cm− 1 related to CH + CH3 and C––O rocking modes, respectively. The 
spectral contribution of each component in the Raman image allows for 
the colouring of the pixels by the dominant component, where milk 
proteins are presented in red and lactose/lactic acid in blue. Colour 
intensity corresponds to the concentration of molecules in an analysed 
pixel. 

Fig. 4 illustrates the Raman images of the distribution of the com-
ponents on the surface of collected powders (E1-E4). The particle surface 
of the E1 powder with no added ingredients is dominated by proteins 
with only traces of lactose/lactic acid. The E2 powder, produced from 
the feed with added lactose, displayed a similar tendency with a slightly 
increased lactose/lactic acid signal distributed in the protein phase of 
the particle surface. This could possibly explain the lowest wall depo-
sition of 61 and 83 g when producing E1 and E2 powder, respectively. As 
reported in the study conducted by Adhikari et al. [11], with phase 
segregation during spray drying, proteins preferentially migrate towards 
the droplet surface and form a protein-rich film. Upon contact with the 
hot drying air, this protein-rich film is subsequently transformed into a 
non-sticky glassy skin, responsible for resisting the adhesion of the 
particles to the dryer walls, as well as particle to particle stickiness [11]. 
Furthermore, the addition of lactic acid to feed formulations appears to 
influence the distribution of components on the particle surface. As 
observed for E3 and E4 powders, milk proteins are still overrepresented 
at the surface of the particle, however, the lactose/lactic acid signal is 
higher compared to powders produced from the feed formulations with 
no added lactic acid. Substantial surface modifications are especially 
evident for E4 powder, which displays an increased proportion of 
lactose/lactic acid on the surface, appearing as a homogeneous mixture 

Fig. 4. Confocal Raman images of surface (x,y) scans showing the distribution of milk proteins (red) and lactose/lactic acid (blue) of the studied powder particles. 
The added concentration of each component (lactose: Lac; lactic acid: LA) in the feed formulations before spray drying: E1: 0% Lac, 0% LA; E2: 2% Lac, 0% LA; E3: 
0% Lac, 2% LA; E4: 2% Lac, 2% LA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of proteins and lactose. These results are also in agreement with the wall 
deposition during the spray drying, where the highest wall deposition 
was observed for E3 and E4 powders. The increased proportion of 
lactose/lactic acid in the feed is likely to increase the proportion of both 
components on the surface of the particles, thus making those powders 
more susceptible to sticking during spray drying. That being mentioned, 
the E4 powder displays a higher colour intensity corresponding to the 
higher concentration of lactose/lactic acid on the surface. This was ex-
pected as the E4 powder was produced from the feed with both in-
gredients added, whereas the E3 powder contains solely added lactic 
acid. On the other hand, a higher wall deposition was observed when 
producing the E3 powder compared to the E4 powder. This could be 
attributed to more lactic acid being present on the surface of the droplet, 
which has a low glass transition temperature, thus decreasing the sur-
face viscosity when exceeding the glass transition temperature during 
spray drying. Accordingly, the surface of the droplet becomes more 
sticky and more susceptible to adhering to the dryer walls. 

The XPS results provided quantitative information on the atomic 
surface composition of produced powders (Table 4). The presence of 
nitrogen at the surface of the powders can only be attributed to proteins. 
Accordingly, the highest protein surface coverage was observed for E1 
powder (9.78%), followed by similar coverages for E2/E3 (9.41% / 
9.48%) and finally, the lowest protein surface coverage was found for E4 
powder (6.28%). As seen in Table 4, the addition of solely lactose (E2) or 
lactic acid (E3) to feed formulations similarly influenced the atomic 
surface composition of powders. E4 powders displayed evident surface 
modifications with an increased proportion of surface covered by 
lactose/lactic acid. This can be observed from the highest oxygen surface 
coverage of 23.95% for E4 powder compared to 20–21% observed for 
other powders (E1-E3), attributed to oxygen rich molecules such as 
lactose/lactic acid. Furthermore, E4 powder also exhibits the lowest C/O 
ratio value meaning that more hygroscopic components are present at 
the powder surface. These results are in agreement with confocal Raman 
microscopy, which showed the lactose/lactic acid signal to be higher for 
E4 and the proteins signal higher for E1 compared to other powders. 

4. Conclusion 

The results of the present study demonstrated that added lactic acid 
in feed formulations significantly reduced the glass transition tempera-
ture of produced powders, whereas lactose had the opposite effect. 
Increased levels of lactic acid also significantly increased wall deposition 
during the spray drying process. LF-NMR studies on molecular mobility 
in spray dried powders indicated that the addition of lactose and lactic 
acid affects the molecular rearrangement and limits the mobility of 
water in spray dried powders. Likewise, the inter-particle binding and 
consequent shifting of water protons from a more mobile fraction to a 
tightly bound fraction was observed for the powders with added lactic 
acid, where the onset temperature was increased with an additional 
amount of lactose. 

Two analytical techniques, confocal Raman microscopy and XPS, 
provided qualitative and quantitative information, respectively about 
the surface composition of powders produced from different feed for-
mulations. Milk proteins were shown to be overrepresented on the 

particle surface in all powders. When increasing the concentration of 
lactose and/or lactic acid in the feed, their proportion on the particle 
surface also increased. This caused a powder being more susceptible to 
adhering to the surface of the spray dryer walls and possibly a reflection 
of a more sticky powder. Hence, powder stickiness and consequent wall 
deposition should not only be related to glass transition temperature, 
but surface composition of individual powder particles also plays an 
important role and hence, it should be evaluated when studying wall 
deposition. However, further investigations are needed with a more 
extensive variety of samples to better understand the role of surface 
composition on wall deposition. 
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