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前言

整个世界都会享受一天的开

始，在强化谷物中加入牛奶盒

水果能简单快速地解决一个

营养的早餐。

强化早餐麦片也是儿童摄取营

采用微波消解火焰原子吸收
光谱法及FAST火焰自动
进样器测定强化早餐谷物 
中的微量营养元素

养的一个重要来源，而消费者也期待各种谷物质量的提高，并且能持续从市场上

选择到强化商品。

对于这些营养强化早餐谷物的高效生产，需要生产厂家认真进行配方，而且保证

批与批之间必须保持一致。如今正在盛行的对谷物和营养添加剂中微量营养元素

的测定，可以使食品生产商对谷物产品质量进行量化并确保产品一致性。具备快

速，准确，简便地分析他们样品的能力对于及时出报告起着至关重要的作用，同时

能保证实时对样品进行批量调整并对生产过程进行连续控制。食品生产商还必须

满足营养标签准则，其中规定其能准确评估微量营养元素。
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While inductively coupled plasma optical emission spectroscopy 
(ICP-OES) is generally favored in a multi-element analytical 
environment, the cost savings, simplicity, and speed of operation 
of a flame atomic absorption (AA) system provides an attractive 
alternative. Measuring multiple elements by flame AA requires 
each sample to be analyzed individually for each element, which 
impacts the speed advantage of flame AA. 

To address the speed issue, a fast high-throughput sample 
automation system can be used. Although samples still need to 
be analyzed multiple times, the analysis time per sample  
is significantly reduced, thus increasing sample throughput 
compared to manual sample introduction. In addition, an 
automated sample introduction system increases the precision 
of the analysis and frees the chemist to perform other tasks. 

In this work, we demonstrate the ability of PerkinElmer’s 
PinAAcle™ 900 atomic absorption spectrometer (operating in 
flame mode) coupled to a FAST Flame sample automation 
accessory to analyze common nutritional elements in a variety  
of fortified cereals. 

Experimental

All analyses were performed on a PinAAcle 900T atomic 
absorption spectrometer operating in flame mode using a  
FAST Flame 2 sample automation accessory. The elements of 
interest and instrument conditions for the analysis of the cereal 
samples are outlined in Table 1. A high-sensitivity nebulizer was 
used with the standard spray chamber and a 10 cm burner 
head. External calibrations were performed using a single 
intermediate standard made in 2% HNO3 /deionized water  
which was then diluted in-line using the capabilities of the  
FAST Flame 2 accessory.

The FAST Flame 2 accessory is a combination of high-speed 
autosampler, peristaltic pump, and switching valve which 
provides quick sample turnaround with fast rinse-out, short 
signal stabilization times, and no sample-to-sample memory 
effect. The FAST Flame 2 accessory rapidly fills a sample loop  
via vacuum and then switches to inject while the autosampler 
moves to the next sample. This removes the time delay 
associated with self-aspiration or peristaltic pumping and 
eliminates the long rinse-in and rinse-out times as a result of 
autosampler movement and flushing, resulting in complete 
sample-to-sample analytical times as short as 15 seconds.

The ability of the FAST Flame 2 accessory to mechanically  
pump the sample during injection allows for ideal optimization 
of nebulizer and flame conditions, eliminates variability due  
to changes in sample viscosity, dissolved solids, and tubing 
length, and also provides long-term sample flow stability. The 
in-line dilution capability allows the analyst to create a single 
intermediate standard and then let the FAST Flame 2 accessory 
automatically generate all calibration standards in-line as 
required. In addition, the instrument can be set to identify  
QC over-range samples and then utilize the in-line dilution 
capability to automatically re-run a sample that falls outside the 
calibration range at an increased dilution factor, bringing the 
signal within the calibration range and providing accurate 
measurement along with a successful QC check.

For accurate analysis of the cereal samples, the elements of 
interest must be extracted from the cereal into an instrument-
ready solution. Open-vessel digestion using nitric acid and a 
simple heating block can be effective, but may leave undigested 
matter behind requiring further filtration or centrifugation prior 
to introduction into the instrument, which can result in reduced 
recovery with corresponding poor accuracy. Closed-vessel 

Table 1. PinAAcle 900 Instrument and Analytical Conditions

Element Cu Fe Mg Mn Zn K Na Ca

Mode Absorption Absorption Absorption Absorption Absorption Emission Emission Absorption

Wavelength (nm) 324.75 248.33 285.21 279.48 213.86 766.49 589.00 422.67

Slit (nm) 0.7 0.2 0.7 0.2 0.7 0.2 0.2 0.7

Acetylene Flow (L/min) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.7

Air Flow (L/min) 10 10 10 10 10 10 10 10

Burner Head Rotation 0 ° 0 ° 0 ° 0 ° 0 ° 45 ° 45 ° 45 °

Acquisition Time (sec) 1 1 1 1 1 1 1 1

Replicates 3 3 3 3 3 3 3 3

Sample Flow Rate (mL/min) 6 6 6 6 6 6 6 6

Intermediate Standard 
(mg/L) 1 10 1 1 5 400 100 400

Auto-Diluted Calibration 
Standards (mg/L)

0.05
0.1
0.2
0.5
1

0.5
1

2.5
5
10

0.05
0.1
0.25
0.5
1

0.05
0.1
0.25
0.5
1

0.25
0.5
1

2.5
5

20
40
100
200
400

10
20
50
100

20
40
100
200
400

Calibration Curve Type Non-Linear  
Through Zero

Non-Linear  
Through Zero

Non-Linear  
Through Zero

Non-Linear  
Through Zero

Non-Linear  
Through Zero

Non-Linear  
Through Zero

Non-Linear  
Through Zero

Non-Linear  
Through Zero
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电感耦合等离子体发射光谱法（ICP-OES）作为多元素分析

的一种方法一直备受人们的青睐，而火焰原子吸收光谱法

由于其运行成本低，速度快，操作简单，成为备受关注的一

个替代方案。而进行多元素测定时，火焰原子吸收光谱法

需要单独对每个样品的每个元素进行测定，这影响了火焰

法测定速度快的优势。

为了解决运行速度的问题，我们将使用到一个快速、高通

量的自动进样系统装置。虽然每个样品仍需要进行多次分

析，但是每个样品的分析时间得到显著的减少，因此相对于

手动进样来说，提高了样品引入的通量。此外，自动进样系

统能提高分析的精度，而且实验操作人员可以闲置去执行

其它的任务。

此项工作中，我们证明了珀金埃尔默的PinAAcle900系列原

子吸收光谱仪（火焰操作模式）连同快速火焰自动进样附

件能对各种强化谷物中的营养元素进行测定。

实验

所有的分析均是在PinAAcle 900T原子吸收光谱仪火焰模

式配上FAST火焰自动进样器附件中进行的。谷物测定感兴

趣的元素及仪器的测定条件见表1。样品引入系统包括一个

高灵敏度的雾化器，标配的雾室和一个10 cm的燃烧头。实

验采用外标法进行测定，用2% HNO3配置一个中间液，利

用FAST 自动进样器中的稀释功能自动进行梯度标液的配

置。

FAST2附件由快速自动进样器，蠕动泵及开关阀组成，提供

了样品快速进样及快速冲洗的功能，信号稳定需要的时间

短，并且没有样品之间记忆效应的影响。FAST2快速将样品

环中的真空充满，在进样的同时自动进样器移入到下一个

样品准备下一个样品的取样。这消除了自吸和蠕动泵抽吸

的时间，并消除了自动进样器冲洗和移动的时间，这样能使

样品到样品之间分析的时间短至15秒。

FAST2附件进样过程中机械泵的进样能力可以通过优化雾

化器和火焰条件来实现，这可以消除由于样品粘度、溶解

固体和管道长度对进样带来的影响，同时还可以提高样品

流动长期的稳定性。FAST2的在线稀释功能，使操作人员

仅需要配置一个简单的中间液，即可让仪器根据需求在线

配置各标准点。此外，仪器还可以设定QC超标检查，利用

在线稀释功能可以对超出标线最高点的样品进行稀释，再

重新进行分析，使稀释后的样品落在标准曲线的范围内，

以得到准确的测定值并通过QC检查。

为了对水果样品进行准确分析，需要把感兴趣的元素从水

果中提取到仪器需要的溶液中。采用硝酸在敞开体系中加

热进行消解，能有效将分析元素熔到溶液中，但是仍会残

留部分未消解完全的物质。若在测定前对样品进行过滤或

离心，则会导致结果偏低，而且测量的精度变差。

表1. PinAAcle  900 仪器工作条件

模式

波长 (nm)

狭缝(nm)

乙炔流量(L/min)

空气流量 (L/min)

燃烧头角度

采集时间(sec)

样品流速(mL/min)

测定次数

中间标液

(mg/L)

自动稀释标准点 
(mg/L）

标线类型
非线性过

零点
非线性过

零点
非线性过

零点
非线性过

零点

非线性过
零点

非线性过
零点

非线性过
零点

非线性过
零点

吸收 发射吸收 吸收 吸收 吸收 发射 吸收

元素
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表 2. 谷物类型及相应的分析数据表采用密闭微波消解法对样品进行消解能确保样品完全消

解，不需要增加额外的步骤，而且能确保最大的回收率，

更高的样品通量及更好的安全性。

各类谷物早餐样品和NIST SRM3233 (强化早餐麦片标准

物质)，包括加标和未加标两个类别，均采用珀金埃尔默

Titan MPS微波消解系统进行样品的制备。样品消解炉，

采用独特的容器和系统设计，着重强调使用的安全性，通

量和操作的简便性。Titan微波消解仪中每个罐体均采用

非接触式温度控制，并通过参考罐对压力进行控制，以

确保消解方法的精确控制，无论消解任何样品均确保零

污染。每个消解罐中加入1g粉碎的谷物样品和10 ml浓硝

酸。详细的微波消解程序见表3。

所有的样品在消解前均进行加标操作，加标的浓度基于

SRM的报告值。™

结果与讨论

准备每个元素的单标中间液，采用FAST2在线稀释功能

实时配置好标准点进行标准曲线的绘制。校准结果见

表4。校准曲线优异的相关系数证明标准和样品自动在

线稀释功能的价值所在。校准曲线的单点回测确保了标

准曲线的有效性，而且通过稀释系统配置的标准点的准

确性。

表4给出了SRM 1549a脱脂奶粉的测定结果。所有元素的

测定值与参考值之间的偏差均在10%以内，证明了该方

法的准确性。同样需要注意的是，不同的元素间所使用的

稀释因子也不一样，这些因子都是由自动进样器在线功

能确定的，无需用户进行任何干预。

方法的准确性得到保障后，我们对谷物样品进行了分析。

结果见表1，其表现出一些有趣的趋势。首先，铜和锰在所

有的样品当中含量均是最低的，而钾和钠的含量最高。有

趣的是，小麦谷物（W1）中含有的钠，铜，锰和铁显著低

于其他的样品，这可能是该谷物比其它的样品更自然，没

有太多添加的东西。相反，燕麦谷物（O）中所有的元素含

量都接近或出于最高值，这表明该谷物为最强化的麦片。

锌，钙和钾，在所有样品中的含量不一，说明这些元素不

同程度地在样品中有添加。
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microwave digestion delivers complete sample digestion, 
eliminating the need for any additional steps and ensuring 
maximum element recovery while providing higher throughput 
and increased safety. 

A variety of breakfast cereal samples (Table 2) and NIST™ SRM 
3233 (Fortified Breakfast Cereal standard reference material) 
were prepared both spiked and unspiked using a PerkinElmer 
Titan MPS™ microwave sample preparation system, a sample 
digestion oven that utilizes unique vessel and system design 
with an emphasis on safety, throughput, and ease of use. With 
non-contact temperature control for every vessel and pressure 
control via a reference vessel, the Titan MPS ensures accurate 
digestion, method control, and zero sample contamination 
regardless of the sample type. Details of the microwave digestion 
method are listed in Table 3. Each vessel contained approximately 
1 g of crushed cereal and 10 mL of concentrated nitric acid.  
All spiking was performed prior to sample digestion with spike 
concentrations selected based on the reported SRM values. 

Results and Discussion

The calibration curves for individual elements were created from  
a single intermediate standard with the in-line dilution capabilities 
of the FAST Flame 2 accessory preparing the final standards in  
real-time. Calibration results are shown in Table 4. The excellent 
correlation for the calibration standards demonstrates the value 
of the automatic in-line sample and standard dilution capabilities. 
The independent calibration verification recoveries ensure that the 
calibration is valid and that the creation of standards via the 
dilution system is accurate.

Table 5 shows the results for the analyses of NIST™ SRM 3233 
Fortified Breakfast Cereal. All elements read within 10% of the 
certified values, validating the accuracy of the methodology. It  
is also important to note that several different dilution factors 
were used for the various elements, all of which were performed 
in-line, without the need for user intervention.

With the accuracy of the methodology established, the cereal 
samples were analyzed. The results are shown in Figure 1 and 
show a few interesting trends. First, Cu and Mn are present at 
the lowest concentrations in all samples, while Na and K are 
present at the highest concentrations. It is interesting to note 
that Wheat Cereal 1 (W1) contains significantly less Na, Cu,  
Mn, and Fe than all the other samples, which could indicate 
that this cereal is less fortified and more natural than the 
others. In contrast, Oat Cereal (O) is at or near the top for  
all elements, indicating that it is among the most fortified 
cereal. Zinc, calcium, and, to a lesser extent, potassium fall  
into distinct levels equally divided among all the samples, 
indicating different levels of fortification.

Table 3. Titan MPS System Digestion Method

Method  
Step

Target  
Temp (°C)

Pressure  
Limit (bar)

Ramp  
Time (min)

Hold  
Time (min)

Power  
Limit (%)

1 140 35 10 2 60

2 195 35 3 25 100

3 50 35 1 20 0

Table 2. Cereal Types Analyzed and Corresponding Data Labels 

Cereal Type Data Label

Multi Grain G

Oat O

Rice R

Corn C

Wheat W1, W2

Figure 1. Results from analysis of seven cereals.
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Table 4. Calibration Results

Element Correlation 
Coefficient

ICV 
Concentration 

(mg/L)

Measured 
 ICV (mg/L)

ICV  
(% Recovery)

Cu 0.99997 0.500 0.494 98.8

Fe 0.99998 5.00 5.06 101

Mg 0.99996 0.500 0.456 91.2

Mn 0.99999 0.500 0.511 102

Zn 0.99990 2.50 2.54 102

K 0.99936 200 208 104

Na 0.99962 50.0 48.6 97.2

Ca 0.99999 200 207 104

Table 5. NIST™ SRM 3233 Fortified Breakfast Cereal Recovery Values

Element
In-line 

Dilution  
Factor

Certified SRM 
Concentration 

(mg/kg)

Measured SRM 
Concentration 

(mg/kg)

% Certified 
Value 

Recovery
Cu 1 3.97 4.26 107

Fe 5 766 751 98.0

Mg 40 1093 1142 105

Mn 1 33.1 30.9 93.4

Zn 10 628 587 93.5

K 3 3060 3278 107

Na 5 6830 7249 106

Ca 20 36910 37870 103

谷物类型 数据表l

五谷

燕麦
大米

玉米

小麦

表3. Titan MPS 消解程序

方法
步骤

目标
温度(°C) 

压力

 限制(bar) 
爬升 保持 功率

（%）时间 (min) 时间 (min) 

表4. 校准结果

元素
相关
系数

ICV
(% 回收率)

ICV浓度

(mg/L)

ICV
测定值

(mg/L)

表5. NIST™ SRM 3233 强化早餐麦片回收率 

元素
在线稀
释因子

SRM 
参考值

SRM       
测定值

%参考值
回收率

图1. 其中谷物分析结果
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Table 6. In-Line Dilution Factors 

Sample Cu Fe Mg Mn Zn K Na Ca

MG 1 5 40 1 10 3 4 6

O 1 5 40 1 10 3 4 8

R 1 5 40 1 10 3 4 8

C 1 5 40 1 10 3 5 6

W1 1 5 40 1 10 3 4 8

W2 1 5 40 1 10 3 4 10

Table 7. Pre-Digestion Spike Levels (all units in mg/kg)

Sample Cu Fe Mg Mn Zn K Na Ca

MG 28.9 578 578 28.9 578 2634 5268 10536

O 32.3 646 646 32.3 646 2995 5989 11979

R 29.6 592 592 29.6 592 2815 5631 11261

C 29.6 593 593 29.6 593 2828 5656 11312

W1 26.5 530 530 26.5 530 2865 5729 11459

W2 28.8 576 576 28.8 576 2847 5693 11387

Because of the wide range of elements among the samples, the 
same dilution factor was not always applied to all the samples for 
the same element. Table 6 shows the dilution factors which were 
automatically determined and performed in-line with the FAST 
Flame 2 accessory.

To assess any possible matrix effects from the various samples, all 
samples were spiked (pre-digestion) with all elements at the levels 
shown in Table 7; the resulting spike recoveries appear in Figure 2. 
The recoveries of all sample method spikes are within 10% of the 
calculated values for all elements and did not require per-sample 
matrix matching, demonstrating the value and labor savings of 
using the Titan MPS system to digest the samples safely and 
completely. The variety of cereal types all exhibited spike recoveries 
within 10%, further demonstrating the robustness of the sample 
preparation and instrument methods.

Figure 2. Spike recoveries for all elements for all samples.
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The addition of the FAST Flame 2 accessory reduced the creation of 
standards from one intermediate and five final standards to a single 
intermediate standard with a commensurate reduction in human 
error during standard creation. The measured concentrations of 
many of the elements in the samples varied enough to fall outside 
the calibration curve. The in-line dilution capability of FAST Flame 2 

allowed real-time dilution of these samples so that the absorbance 
fell within the calibration curve, and the results represented 
accurate analysis. The ability of FAST Flame 2 to react to the  
over-range samples and auto-dilute the samples accurately and 
consistently without interaction from an analyst saved time and 
eliminated additional sample handling and lengthy re-prep.

These results demonstrate the accuracy and value of breakfast 
cereal analysis via flame AA along with the speed and increased 
productivity available from the PinAAcle 900 AA spectrometer 
coupled with the FAST Flame 2 accessory.

Conclusion

This work has demonstrated the ability of the PinAAcle 900 AA 
spectrometer to reliably and effectively analyze breakfast cereal 
samples for Cu, Fe, Mg, Mn, Zn, K, Na, and Ca over a wide range 
of concentrations. Using the FAST Flame 2 sample automation 
accessory along with the PinAAcle 900 minimizes user error when 
performing dilutions and making calibration standards, increases 
throughput and provides excellent long-term stability, increasing 
productivity for the laboratory. (Equivalent results would also be 
obtained with the PinAAcle 500 AA spectrometer). Use of the 
Titan MPS for sample digestion eliminated sample and matrix 
problems and permitted the use of external standards without the 
need for matrix matching or specialized analytical parameters. The 
same analyses can also be done without the use of a FAST Flame 2 
accessory when analyzing smaller sample batches.
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图2. 所有样品中所有元素的加标回收率

表6. 在线稀释因子

表7. 加标回收浓度 (所有单位均为 mg/kg)

由于样品中各元素的含量范围较宽，所述的相同元素的稀

释因子不一定能适用于所有的样品。表6给出了FAST火焰2

附件自动确定和执行的稀释因子。

为了验证方法的准确性，所有样品在预消解时按表7中的

浓度进行了加标。图2给出了样品中所有元素的加标回收

率，结果表明，在该方法条件下所有回收率均在90-110%

之间。加标回收实验不要求每个样品都必须进行基体匹

配，这也显示出Titan微波消解系统的安全性及样品消解的

完全性，大大节约了实验操作人员的时间。各种谷物早餐

的加标回收率在90-110%之间进一步验证了样品制备和仪

器方法的可靠性。

FAST2附件具备在线稀释功能，减少了操作者使用一个中

间标液配置5个最终标准点过程中带来的人为误差。样品

中很多元素（比如钾，镁，钠和钙）的含量会落在标准曲线

的最高点外。FAST2的在线稀释功能，能实时对样品进行

稀释，使样品的测定吸光度值落在标线范围内，结果表明

了分析的准确性。FAST2具有反应超标样品并自动稀释的

功能，节约了分析时间且消除了额外的样品处理和准备的

冗长过程。

结果表明采用火焰原子吸收光谱法配备FAST2附件对谷

物早餐进行分析测定的准确性，该方法快速，分析效率

高。

结论

这项工作表明珀金埃尔默的PinAAcle900系列的原子吸

收光谱仪能快速有效分析谷物早餐中宽浓度范围的铜，

铁，镁，锰，锌，钾，钠和钙的含量。采用PinAAcle 900和

FAST2附件联用能减少实验操作人员在稀释和配置标准

系列过程中带来的误差，提升通量，并提供优越的长期

稳定性，提高实验室的工作效率。（采用PinAAcle也可以

获得同样好的结果）采用Titan微波消解仪对样品进行消

解，能有效消除样品盒基体的干扰，采用外标法即可得到

准确的结果，而不需要对基体进行匹配或使用专门的分

析参数。当样品量较少时，不使用FAST2附件也可以获得

一样好的结果。
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Table 6. In-Line Dilution Factors 

Sample Cu Fe Mg Mn Zn K Na Ca

MG 1 5 40 1 10 3 4 6

O 1 5 40 1 10 3 4 8

R 1 5 40 1 10 3 4 8

C 1 5 40 1 10 3 5 6

W1 1 5 40 1 10 3 4 8

W2 1 5 40 1 10 3 4 10

Table 7. Pre-Digestion Spike Levels (all units in mg/kg)

Sample Cu Fe Mg Mn Zn K Na Ca

MG 28.9 578 578 28.9 578 2634 5268 10536

O 32.3 646 646 32.3 646 2995 5989 11979

R 29.6 592 592 29.6 592 2815 5631 11261

C 29.6 593 593 29.6 593 2828 5656 11312

W1 26.5 530 530 26.5 530 2865 5729 11459

W2 28.8 576 576 28.8 576 2847 5693 11387

Because of the wide range of elements among the samples, the 
same dilution factor was not always applied to all the samples for 
the same element. Table 6 shows the dilution factors which were 
automatically determined and performed in-line with the FAST 
Flame 2 accessory.

To assess any possible matrix effects from the various samples, all 
samples were spiked (pre-digestion) with all elements at the levels 
shown in Table 7; the resulting spike recoveries appear in Figure 2. 
The recoveries of all sample method spikes are within 10% of the 
calculated values for all elements and did not require per-sample 
matrix matching, demonstrating the value and labor savings of 
using the Titan MPS system to digest the samples safely and 
completely. The variety of cereal types all exhibited spike recoveries 
within 10%, further demonstrating the robustness of the sample 
preparation and instrument methods.

Figure 2. Spike recoveries for all elements for all samples.
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The addition of the FAST Flame 2 accessory reduced the creation of 
standards from one intermediate and five final standards to a single 
intermediate standard with a commensurate reduction in human 
error during standard creation. The measured concentrations of 
many of the elements in the samples varied enough to fall outside 
the calibration curve. The in-line dilution capability of FAST Flame 2 

allowed real-time dilution of these samples so that the absorbance 
fell within the calibration curve, and the results represented 
accurate analysis. The ability of FAST Flame 2 to react to the  
over-range samples and auto-dilute the samples accurately and 
consistently without interaction from an analyst saved time and 
eliminated additional sample handling and lengthy re-prep.

These results demonstrate the accuracy and value of breakfast 
cereal analysis via flame AA along with the speed and increased 
productivity available from the PinAAcle 900 AA spectrometer 
coupled with the FAST Flame 2 accessory.

Conclusion

This work has demonstrated the ability of the PinAAcle 900 AA 
spectrometer to reliably and effectively analyze breakfast cereal 
samples for Cu, Fe, Mg, Mn, Zn, K, Na, and Ca over a wide range 
of concentrations. Using the FAST Flame 2 sample automation 
accessory along with the PinAAcle 900 minimizes user error when 
performing dilutions and making calibration standards, increases 
throughput and provides excellent long-term stability, increasing 
productivity for the laboratory. (Equivalent results would also be 
obtained with the PinAAcle 500 AA spectrometer). Use of the 
Titan MPS for sample digestion eliminated sample and matrix 
problems and permitted the use of external standards without the 
need for matrix matching or specialized analytical parameters. The 
same analyses can also be done without the use of a FAST Flame 2 
accessory when analyzing smaller sample batches.
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Red/Red PVC 泵管
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